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AN ANALYSIS OF A CHARRING ABLATION
THERMAT, PROTECTION SYSTEM

By Donald M. Curry
Manned Spacecraft Center

SUMMARY

[f::analytical model is presented for prediciing the transient one- T
dimensional thermal performancgﬂpf & charying-gblator heat-protection system
when exposed to a hyperthermal environment., The heat-protectlon system is
considered to consist of an ablation material and backup structure. The
ablating material is further considered to consist of three distinct regions
or zones: char, reacting, and virgin material. :

A FORTRAN IV digital computer program (STAB II) utilizing an implicit
finite difference formulation has been written for the IBM 7094/40 computer
system. The program considers one ablating material and a maximum of 12 back-
up materials with conduction or radiation and/or convection allowed between
materials. Thermal properties of all materials are temperature dependent,
with the properties of the charring material also being state dependent.

The governing differential equations and their implicit finite difference
formulation are presented. The program input and output are described in detail.
The FORTRAN program statements and nomenclature are presented., Also, the :
theoretical and experimental results are compareéj anxé

INTRODUCTION
\ s ‘
he analysis and design of thermal protection systems for entry into an
atmospheric environment have resyjted in a voluminous amount of literature on
the general supject,of ablation. | (See refs. 1 and 2 for a survey of information
on ablation.) he (ablation materlals may generally be classified into three
categories: bllmlng, melting and vaporizing, and charring. The charring
ablator normally provides the most efficient thermal-protection shield for the
major portion of a manned entry vehicle. This report describes a method for
predicting the thermal response of a typical charring-ablation material. The
response of a charring material to a hyperthermal environment is extremely
complex, and the mathematical model presented to analyze the transient behavior
of the material contains simplifying assumptions and gpproximations necessary
to afford even a numerical solution. ]
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The equations derived in this analysis have been programmed in FORTRAN
IV for an IBM 7094/40 computer system. The numerical formulation of this
digital program, designated STAB II, 1s such that an implicit solution is
obtained. The thermal response of a typlcal charring material as predicted by
STAB II is compared with arc tunnel results.

A sample problem is presented in appendix A. Program usage instructions,
including definitions of the input terminology, are presented in appendix B.
Appendixes C and D are the program FORTRAN IV statements and definitions of
the program terminology. A general flow chart of the program is presented in
appendix E.

SYMBOLS
A collision frequency
cp specific heat
E activation energy
F exterlor view factor
Fenv view factor—emissivity product to cabln environment
Hd heat of virgin material degradation
HT total enthalpy
Hw wall enthalpy
o)

HBOO enthalpy of air at 300" K
h film coefficient between backup materials
henv film coefficlent between last backup material and cabin

environment
k thermal conductivity
mc mass loss rate of char material
ﬁg gas ablation rate
NP nunber of nodes in ablation material



in.

Qe

¢ blow

el

comb

CwW

qrad

env
III 1

8

ei

order of reaction

net heat rate into front surface

hot wall convective heat flux with blowing
heat flux dve to combustion

cold wall convective heat flux without blowing

radiation heat flux

universal gas constant

surface recession depth

surface recession rate

temperature of node at beginning of time step
cabin environment temperature

temperature of node at end of time step

radiation heat sink temperature

thickness of ablation materilal

distance from surface to any point

heat of combustion per unit weight of char
thickness of a node

time step (6' - 8)

emissivity of material

transpiration cooling efficiency

initial time

final time

transform for the ablation material




p density

o} Stefan-Boltzmann constant

) blocking effectiveness function
Subscripts:

c charred state

i node number

J material number

v virgin state

PROGRAM DESCRIPTION

The following general requirements were established before writing a
digital computer program to analyze a charring ablation system:

(1) Stability of the equations for all applications.

(2) Machine running time short enough to make use of the program
economically feasible (a minimum of turn around time per problem).

(3) A minimum of input per problem.

(&) A wide variety of boundary conditions for application to both
trajectory data and ground or flight test data analysis.

STAB IT has been formulated in FORTRAN IV to analyze the transient
thermal performance of a charring ablator heat protection system. The program
considers one ablating material and up to 12 different backup materials with
or without alr gaps. Pure conduction or radiation and/or convection between
backup materials is allowed. The ablation material may be divided into a
maximum of 50 nodes, and each backup material may be subdivided into a maximum
of 10 nodes. The thermal properties of the materials are in tabular form and
are temperature dependent. The ablation material is also dependent upon its
state, that is, fully charred, partially charred, et cetera.

The followlng surface boundary condition options are provided:

(l) Cold-wall convective and radiative heat flux tables as a function of
time. These components are specified separately, since mass transfer at the
surface blocks part of the convective heating but, in general, has no effect on
the radiant heating.
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(2) Surface temperature as a function of time.

(3) Surface recession as a, function of temperature or time. Surface
recession as a function of temperature and pressure is also available.

Heat loss to the interior environment for the last node of the backup
structure can be specified by two methods:

(1) Conduction into the node and radiation and/or convection loss to the
interior environment.

(2) Conduction into the node and adiabatic wall.

The STAB II numerical formulation of the equations describing the response
of the heat shield is such that an implicit solution has been obtalned. It is
well known that numerical solutions of partial differential equations are
subject to several different types of errors. The first of these 1s the trun-
cation error, due to the use of a finite subdivision. This error may be reduced
by simply choosing a smaller subdivision, AX. The exact values are approached
more and more closely as AX decreases. The second kind of error is the nu-
merical, or roundoff error. The way in which this numerical error grows or
decays with time determines the stability of the difference equatlons.

To illustrate the differences in the explicit and implicit equation form,

consider a nonablating homogeneous solid. The one-dimensional Fourler corduc-
tion equation, neglecting any heat generation terms, is

(%)= 3 oo

The finlte difference form of equation (1) written in the conventional forward

time step or explicit form for the ith node is

(o1 - ) (& - Ta) & (%- 1) (2)
X & A& % A9 B
5k, , ' %, Pk ' Pk

where the prime superscript denotes values at the end of the time step

A =8' - 6

For explicit conduction solutions, the following stability criterion has
been established:
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which places an upper limit on the time step A8 for a fixed truncation error.
This criterion can require a prohibitive amount of machine time.

Liebmann (ref. 3) advocated a solution of the equation which does not
require this stability criterion. The finite difference equations are written
in a backward time step form which affords an implicit solution.

The implicit (backward time step) difference form of equation (1) for the
th

1 node is:
4 - t 1 - 1 Y -
(Ti_l .Ti> ) (Ti Ti+l) ) AX (Ti Ti)
X & T, & TP AB (3)
ok, ok. ok, | 2k
-1 1 i 1+1

Equation (5) uses the temperature differences at the end of the finite time
interval Instead of the beginning, as in the explicit method of equation (2).
The only known temperature in equation (3) is Ti’ but there are corresponding

equations for each poilnt in the system, and all are solved simultaneously to
yield the temperature at each node.

Collecting all unknown temperatures on the left side of the equation and
the known temperature on the right side, equation (3) vecomes

_._____1__._____ TY - l + l
AX X i-1 X X T X
2k; o 2k 2k; ; 2k 2k, 2k,
picp‘AX picp-AX
+ 2 P4 [t —\pr - = /T L
P it (B, & i 2P 1 (4)
2k 2k,
i+
Equation (4) is of the form
1 1 t =
AT .+ BT, + CT; . =D (5)

STAB II generates such an equation for each node in the system.

Since radiation 1s an important mode of heat transfer in charring ablative
systems, a problem 1ls encountered in any equation containing a radiation term.
The radiation heat flux, written in a backward difference form is:

Upgg = TeO (Tih - Tf) (6)



This term cannot be used in an implicit solution since the unknown temperature
T{ is to be the Uth power. The Lth power unknown can be eliminated by the

following linearizations:

where

let

and rewrite equation (7) as

(Ti)LL = (Ti)u(l o)t (8)

If Z has an absolute value near zero, the following is true
(1+2) 214z (9)

Now substituting equation (9) into equation (8)

(T:{) b g(mi)% + 1z) =( Ti)”(l N u%)

L

~ 5 1
=~ lm:i Ti - 5Ti (10)

Equation (10) is a linearized approximation of equation (7) in which the unknown

temperature is only to the first power. The assumption in equation (10) is that

AT/Ti has an absolute value near zero. Figure 1 is a plot of the error obtained
r4

when (1 + L4Z) is substituted for (1 + Z)u. For most ablation problems in which
the surface temperature is high and the radiation losses are significant, the
value of Am/Ti can easily be controlled to values of less than #0.1.

Therefore, equation (&) can now be written

. _ 31 L b
Q4 = Feo(lLTi T - 3T, - T, (11)




Using the linearized approximation for the radiation terms, the resulting system
of implicit difference equations constitute a tridiagonal matrix of the follow-

ing form:

BlTl + ClT2 = Dl
A2Tl + BETQ + CZT5 = D2
A T, + BT, + C_T =D

2 573 37h 5

3

ATy * ByTy = Dy

Gauss' elimination method, discussed in reference L, is applied to solve
the system of equations. This method affords a fast and accurate solution for
matrices containing a dominant diagonal. The solution of this matrix gives the
temperature of each node in the system for the next future time step. The
entire process i1s repeated for each time step throughout the run, giving a time
history of the temperature at each node.

Using this method of solution, residual errors in the temperature compu-
tations at the beginning of the time step are distributed throughout the entire
system of nodal equations and tend to cancel out rapidly. The principal advan-
tage in using the implicit method is a set of equations that are mathematically
stable in time and distance. Therefore, the magnitude of the time step is not
Jlimited by a convergence criterion. However, care must be taken in selecting
the magnitude of the time step in order to minimize truncation errors when the
second derivative of temperature with respect to time is large. A similar
approach 1s used to minimize truncation errors in distance by choosing small
node dimensions in locations where large second derivatives of temperature with
respect to distance are expected.

In the case of a char-forming ablative heat shield where approximately
80 percent of the heat is reradiated, instability can arise in taking large
time steps. The temperature of the surface node can start oscillating on suc-
cessive time steps when a balance between the radiation source and the heat sink
has been achieved. Therefore, in ablation problems in which the surface node
loses a large percentage of heat by radiation, oscillations of the node can be
damped out by taking small time steps during conditions of high heat flux and
near radiation equilibrium temperatures.

ANATYSTS

Figure 2 is a schematic of the thermal protection system to be analyzed.
A receding surface has been assumed with the formation of a residual char layer
and reaction zone. The thermal protection system is composed of one charring
material and a maximum of 12 different backup materials with or without air gaps.
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The analysis 1s such that the entire system may be composed of noncharring
materials., The thermal properties of all materials are temperature dependent:
also, the charring material properties are state dependent (fully or partially
charred).

The response of charring ablation heat shields to a hyperthermal environ-
ment 1s extremely complex, and simplifying assumptions and approximations are
necessary to afford a numerical solution. The following assumptions and approx-
imations are ubtilized in the equations developed in this report:

(1) The material decomposes from the virgin state to a porous char layer
in the reaction zone.

(2) The reaction zone can be defined by an upper and lower temperature
limit. .

(3) The gas generated within the reaction zone is assumed to pass out of
the structure with no pressure loss.” No gas accumulation within a node is
allowed.

(4) ZLocal thermal equilibrium is maintained between the gas and porous
char matrix. '

(5) The gas undergoes no further chemical reaction within the residual
material after having been formed.

- Derivation of Equations

The equations are derived for a moving boundary coordinate system, where
the front face is the moving surface (ref. 5). With this systenm, the ablating
material is divided into a fixed number of nodes of thickness AX which depends
on the instantaneous location of the front face. The surface recession is
handled in a continuous manner, elliminating the need of throwlng away or lumping
off of nodes.

The physical model for the front surface, including all heating terms, is
shown as follows: .




o' |
le—o—m_c_T
8y Py 2
Q'in—-———> pc.SET.
?l 21)2 2
m c T, t—
g p 1 —t— k(%%)
p.C S.T. e
lpll:L S_'SNP-1.5
—* Y2 T "\WP - 1.0

—__’Sl =85
The energy equation at the front char surface is

ar
a1 ! e a(Ax)
e (2 AX plcplTl> =37 X plcpl aw *3 plcplTl a

! 1
T

1 .
=Q, +m ¢ T, .+ p.S.c - c T
in 85 Py 2 272 Py 2 g1 Py 1

1.

: AT
" 1% 51T - k1-2(ﬁ)

where
- & . . N ‘u)
Qin = %, blow * g T doomp ~ FEO (Tl - T
and
dAX)__d;(VL-S ____ 5
a Ta@e\nmP -1/ WP - 1

where é is the lilnear surface recession rate and NP i1s the total number
of nodes in the ablation material of thickness VL.
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Rewriting equation (12) in implicit finite difference form

(T' - T')
. . 1 2
: T r L JO— S ¥
Qin + mg cp T2 mg cp Tl Splcp Tl NS X
2 2 1-°1 1 - + =

2kl 2k2

1 (S
" 2% (NP . 1) (122)

Then, rearranging and collecting terms yield

: : AX 1 1 S
- |m c_ + Sp,c_ + p.c + - Zp.c —= _m
g Py lpl 1p12A9 AX+AX 21pl NP - 1 1

(12b)
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The physical model for interior points in the mature char zone, including

all heating terms, is shown in the following sketch:

- AY ——

-f—mn c T,
Bi41 Pyy1 1L
1'ng ¢ Ti<-————-—- .
i~i -] 0p .S, .. .C T,
. _ i+17i,3+1 Piiq i+l
picpisi-l,iTi‘”“““‘ 1 . AT
N R TR S R AN
'l: é—T_).____.___.’
Ti-1,1\AX 1
NP -i=-=
L5 . Q—
, i,i+1 WP - 1
-1+ 2
i-1,i WP - 1

The energy equation for interior points in the char matrix is

AX, T.\ = AXp, - !
36 ( 1picpi 1) plcpi 5 picpiTi (NP . 1)

il c T! .+ k (é@) +p. e & <NP i §> T
8141 Pis1 i+l i-1,i \AX i+l Pip] NP - 1 i+l

s 1
-k, . éT") - e T' - p.c é (—N:..P_;:__E. 7t
1,1+l \A&X g. p, 1 ip NP - 1 i

12
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Putting equation (13) in an implicit finite difference form yields

tod _ vt -van
2k 2k, 2k, 2k

. l o (NP - i - %)
+ |m c + + p c S !
8141 Pia1 X AX 1+1 NP - 1 1+l

JAV.S
- icpi A® Ti

(13a)

In the mature char zone, no internal gaseéous ablation products are assumed
to form. The reaction zone is the source for the formation of the internal
gaseous products. Therefore, in equations (12) and (13), @ = mg

i 1+1

The physical model for nodes in the reaction zone is identical to sche—
matic shown for the interior nodes in the char except for considering the energy
absorbed in formation of the gaseous ablation products. The heat balance
equation for a node In the reaction zone is

aT
d i 1] - -
=5 (5%p e T.) =Mp.c g - p.c T ( = ) - (b, -m H
d ( ip;1 i'p, d ip; 1 WP -1 gy 8141 d

. AT O ) - z
=My %o T K (Zi) Pia1%p, S\ T/ Tin
i+1 Pie ’ Piy1
AT : (éP -t E)
- = -1 7! « p,c S \=——m—— T} 14
ki,i+1.<AX) mgicpi 17 P Py NP -1 1 (1k)
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Rearranging,

1 (NP - 1 +'§) 1
1
X Sl LI T TR A - e A SN O
5 * Pk, 1 * 2k, ' 2k
T -1 1
1 X S :

+ +p,c T==p — T c
o, gix i1py 86 1 pi<NP l) + 841 Pis1
2K1 i+l

fwp-1-2
+ = p,,.Cc_ S 2 e
AX DX i+l p WP - 1 i+1
24y 1+1
ok, T Pk,
i i+l

AX . i
= -p,C —_— T - fnm - m H (lha)
ipy A0 71 ( 8y gi+l> d

The physical model for the interface between the reaction zone and virgin
material is illustrated as follows:

+— AX

. 2,aPs,qC T.
i,i+173+1 Piyq T

-8

K AT
T L L\ X

i,i+1 WP - 1

f1-1,1 (ﬁ_)_—* o1
=

NP - 1+ 2
1-1,1 WP - 1

1h



The heat balance equation for this node is

d Ty 5
_— = —= (=—=———]-n_ H
a5 (AxpicpiTi> MeiCp T8 T 1% T <NP - 1) Tg,"a

oL
y (.42% e S(f_____e_)T
i-3,1i | &X | i+l Piiq NP -1

i+l
1
NP - 14+ %
AT . 1 : 2) 1 (15)
" Ky i+1<AX> - mgicpiTi } picpis( ¥ -1 /i
Rearranging yields
1 ! 1 1

N SN G N Tl_l— mglc]pi + NS +AX +AX N

2ki_ 1 2kl 2k -1 2k 2k1 2ki+l

LfNP - 1+ L

. 1 ] . [NP - i - 5 '
AX AX P141%, NP - 1 1+1
T + S i+l
i i+l
DX .
..picpi —A—e- Ti - mgin (153)
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The physical model for an interior node in the virgin material is

—AX

p., T
141 i+171+1

T 54,11%

S p.T,+——

o] N
1-1,1%, 11

L (8)
i 7 i,i+1 \AX

5 TS\ o T,

. (v -1+ l)
—5;1,1 “S\TTP - 1

K g -
i-1,i \AX |

The heat balance for this nonablating node is

MXp.e T = Np.c dTi - p,C T' é )
( i'p, ;) 1p, as 1p, 1 \FP -1

ggm

1
ce s (2 e S(i“.’;___i____a>T [
i-1,1 \ AX 1+17p, o NP - 1 i+l T T,i+ \AX

_ <NP -1+ %) ,
“Pp S\ T /T (16)
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Rearranging,

1 m! _ 1 b 1
X +é§_(_ i-1 AX +AX X N X
2k -1 2ki 2ki—l 2ki 2ki 2ki+l

1
NP - i-=
1 . \ AX
R N L X + pi+lcp.+ls< T - 1 )Ti+l = -picpi 26 T4
2k, 2k =

(162)
i+l

The physical model for the last node in the ablation material and first node
in the backup structure is

X X .
S
S, .P. .C T, ,e——p
1—1,1p1,3 P. . 1,J
1,4
1 i,541 \AX
AT i+, 5+1
%1-1,3 (ZX'> '
i,
2 >
: 2
=S
Sl-l,l NP - 1
1 t
F h =
or this interface, Ti,j Ti,j+l.
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The heat balance equation for this node is

d— _..‘_j.p C + j+lc
dae 2 i, J 2 P
3 d

X P, .c + X, .c P. .o\ @ .
( J l)J pi,j J+l pi,j"‘l 1) J+]> Ti - !_- ( S ) .
2 p

= . p, .Ti
2 ao NP - 1 1,3 i,571
1
AT : 2 ' AT .
= =] - —_— T .k, = 1
Ki1,3 (AX) °p; P, \ WP -1/ 17 By, a (AX) (17)
1,3 »J 141, 341
Rearranging yields
1 7t 1 N 1
X X i-1 AX AX INY NG
- d_ 4 - J d 4 Jtl J+l
: 2k ok
11 .. . ..
s d 1, i-1,3 2ki,j i,J+1 2ki+l,j+l
. .C + X .c )
i1, 3%, . 1%, L P14
o+ 1)J }J+l Tl o l T'
2A0 i AXj_'_l , ijﬂ i+l
Qki, g+l 2ki+l, 1
FAV.N p. . + MNX, .¢ P, .
=_( e T M V0.2 J+l) r
\ PG 1

(17a)

The backup structure may contain up to a maximum of 12 different materials

with or without air gaps between materials. Therefore, conduction or radiation
and/or convection between materials is allowed. The heat balance equations for
the various modes of heat transfer in the backup structure are presented in
the following equations:

18



(1) Interior node material:

T - T .) (T' - J X,
i-1,J i, 31 _ i, i+l, 3] _ o ¢ —d [pr T (18)
AX DX X, OX i, p, . L8 i, i,J
B R — - R — 1,3
k, . k, . k., . k, .
a1, 1,3 1,3 1,

Rearranging, equation (18) becomes

1 o _/ 1 N 1
AX. A, \"i-1,3 AX. AX, AX, AX,
- Tt E mo
1,5 7, 11,5 Pi,5 T30 ey
AV 1
+p —d T4 414
i,§p. . A8 i,3 X, AX i+l,J
i,J J oL -
i, P
= -p —d . (18a)

(2) First and last nodes of two interior materials with no gap:

1 1 1 1
(Ti-l,j" Ti,j> - (Ti,j+1 - Ti+l,j+l>

X, X, DX, X,
J + J g+l + J+1
By, Py g ey
Pi,3%. S5t Py g M
- i,J i,j+1 o' L (19)
2 A8 i,j i,3
For this case, T =T,

i,J i, J+1
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Rearranging, equation (19) becomes

1 o 1 + 1
i- - . DX, DX, DX,
AXj . ij i-1,J AXJ, . p 341 . 341
. 2k, . 2k, .
gki’lyj Eki’j Zki'lyj 2ki:J 1)J+l 1+1)J+1
p. .c N, + p, ., qC JAV.OR ]
. . +17p, . +1
( 1,J pl,J J 1yd pl,J+l J ) -
2 A9 1,J
1 t
+ T, .
+
ij+l . ij+1 i+1, j+1
ks sr1 0 i, e

T, .
iy

P, .c X, +c P, ., XK.,
1,d pi,j J pi,j+l i,J+1 J+1>
- 2 A®
(192)

(3) PFirst node of interior material with an air gap between materisls:

g h b

' t t - i

hj(Ti-l,j } Ti,j+1> N s S N W R ¥
€,

J g+l
' 1 P, ..-C
Tiog01 = Tivn g0\ DI Py g4p 1 <T’ . ) (20)
- - y . . - . .+ 20
ij+l . AXj+1 2 A8 i,5+1 i, J+1
2k 2

1,341 a1, 1

Equation (20) may be linearized by using the approximation

N

' 4T5T' - 51'1L

as discussed in the Program Description section.
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Therefore, rearranging and linearizing, equation (20) becomes

40T5 F. GT? .
i-1,3 . _ 1,5+l
h, + T! . h, +
J 1 + 1 1 i-1,3 J 1 + 1 1
€ €
°5 T €5 %
! _ u

c AN
i, 0+l p. . i+l
+ l . + J J pl) J+l J Tt
AXj+l ij+l 2 N0 i,J+1
5% +

1,540 K441, 541

AX.
+ 2 T w1
X X, 41,541 5 A6 Ty s
J+l J+l ’ 2d
Bk *

1,41 “Fie1, 541

. .,-C
i, j+l pi

30 L Ly (20&)
%_+ 1l Ti,j+l - Ti—l,j
i Sa

(4) Last node of an interior material with an air gap between materials:

N N
i-1,J i,31 _ h [Tt - T
X, AL, 1

AXJ »d i, g+
-
i-1,J 1,4
c DX
4 i P1,35%. =%
- g A, = 2 I, (21)
I, _T i,3 1,541 5 2D i,3 1,3
[ €
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Rearranging and linearizing, equation (21) becomes
hoT?
1 ! - h, + L + i,
AXJ AXJ 1-1, 3 3 =3 AXJ T T N
* + T e T
- CENE - i S
— r b
X 3
pi;jcp J hoT? 1
+ i,J T' 4| h, + L% T! |
2 A6 1, S O S | e W5
€. €,
| L J g+l i
N J.c AX
_ 0d By s JT N 3g A gt
27 1,5 (I, T B B ZF L A
€, .
J J¥+l
(21a)
(5) Final node in backup structure:
(a) Adiabatic surface —
! p., .c AX
T, o . =T. . 1,3 D 3
=S P I e ¥ I FYR (22)
AXJ. ij 2 AP 1,3 i,3
ok, . . | Bk, .
i-1,3 1y
Rearranging, equation (22) becomes
1 ' 1
AX X 1-1, AX. X
i i o, 3
2k . . 2k, . 2k, . 2k
i-1,J i,Jd i-1,3 i,J
p. .c AV G\ p. .cC X,
1,0 P 5 J 1,d P. . J
+ 1, 1 - 1,J T (22&)
2 A8 i,] 2 NP i,J
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(v) Radiation and/or convection loss to cabin enviromment -

T

1
i-1,3 ~ i, :
AXj AXj = Beny (Ti,j -~ Tenv
ok, . . 2k, .
i-1,3 1sd
. C X,
-F o T'lL - —pl’in)J 2 (s i
env i,J env/ 2 A8 1,3 7 71,3 (23)

Rearranging, equation (23) becomes

1 ' 1 3
X A%, Tii1,5 7 (Penv ¥ X, X, * Fom ™13, 5
%, . . ok, . 2k, . . | 2K, .
i-1,] i,J i-1,3 i,3
c X, . .C
P 3d Py . J pl,J P. .
+ 2] T! z2d
2 A i,3 2 AP 1,3
L L )
" Bonvlenv = Fenv® (5 i,] * Topy) (232)

Discussion of Assumptions

A brief discussion of several assumptions and approximations made in
deriving the heat balance equations is now presented.

As shown in the Derivation of Equations section, transient heat con-
duction, thermal degradation, and the flow of the gaseous products from the
reaction zone are the internal thermal transport phenomena of interest.
Several methods are available in the treatment of the thermal decomposition
process, and they differ primarily in whether the chemical decomposition
occurs in a single plane at a fixed temperature or whether a spacially contin-
uous decompogition in depth is assumed. This analysis assumes that the decom-
position from the virgin to the char state occurs in a reaction zone that is
defined by known temperature limits. These temperature limits are determined
from thermogravimetric test data for the particular material being investigated.
Figure 3 is a thermogravimetric curve for typical charring ablation material.
From this curve, the rate of pyrolysis mg is calculated by knowing the
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temperature change of a particular node with time, that is,

'

P, - P.
L 1
by = —am— (2%)
and
NP 1]
Il'lg =Z DiAXi (9_5)
i

This method of computing the gas-generation rates and local instantaneous
density may be subject to error since the thermogravimetric curve of a
material is influenced by temperature rise rate (deg/sec), and the reaction
zone may shift up and down the temperature scale. This error can be elim-
inated by the use of an Arrhenius expression of the form

E
%% = -A(p - pc)ne RT (26)

The method now being used in STAB II (equation (25)) to calculate the pyrolysis
rate is being investigated to determine 1ts validity. The final formulation
of the pyrolysis rate law must rest heavily on the experimental rate data for
the material under investigation. The use of simple expressions such as
equations (24) and (25) may be entirely adequate, depending upon activation
energy for the decomposition process and order of reaction.

The aerodynamic heating input in the analysis consists of convective
and radiative components treated separately. This distinction is necessary
since the convective heating can be significantly reduced as.a result of the
injection of the ablation gases into the boundary layer, with generally no
effect on radiant heating. Reduction in the convective heating rate can be
approximated by the following expression (ref. 6):

9 p10ck = ﬂmg(HT - HW) ’ | 1)
Therefore,
Hy - |
. = & W - & (28)
Lomow ~ Yew Hy - o)~ “block
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However, equation (28) is unsatisfactory for high blowing rates, since ¢ block

can become greater than ch. An experimental curve of blocking effectiveness
% biov , . mgHT

V= g as a function of the mass transfer parameter s can be em-
CW CW

ployed to determine the heating reduction at high blowing rates. Both methods

have been employed in the STAB II analysis. Equation (28) is presently in use.

However, no satisfactory method for accurately predicting the convective heat

blockage has been determined.

Another source of heating is the combustion of the ablation products in the
boundary layer. Reference 7 presents an analysis of the oxidation of a carbon
surface and the resulting combustive heating. The heating due to combustion as
derived in reference 7 is

q'com.b = mb AHc (29)

where AHC is the heat of combustion per unit weight of char.

The thermal properties of the ablation material are both temperature and
state dependent (fully or partially charred). Figure 4 is an illustration of
the variation of these properties with temperature and state. The thermal prop-
erties are assumed to vary as follows:

>
(1) Char zone CTi Tchar)

k, =f (temp)
c = f (tem

b, (temp)
pc = constant

- . S < ]
(2) Reaction zone *(Tabl T, Tchar)

T; - T'abl
p =7 (temp) =0+ (P - P
v ( v c) Tabl Tchar

P, = P

k = £(p) = k, + (kv - kc> (53;:——2

. v - Po
Py - Pe

¢, = f{p) =c. + /fc =-c¢

P, ( v, P, )\ Py = P,
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(3) Virgin zone (Ti< Tabl)

p. = constant
v
k, =f (temp)
c. =7 (temp)
Py

The calculation of char removal, due to chemical, thermal, or mechanical
mechanism or a combination of these mechanisms, has been examined by a multitude
of investigators and numerous correlations exist, depending on the specific
material involved.

To provide a maximum degree of flexibility for analyzing both ground and
flight test data and synthesizing trajectories, the following provisions for
char removal‘(surface movement) are provided:

(1) Removal of char as a function of surface temperature.
(2) Removal of char at a rate which is a function of time.

As the char is removed, the surface moves with respect to a coordinate fixed
in the material. The distance between the initial surface location and the .

char surface is
e .
S =~/r S de
¢}

ANALYSIS VERIFICATION

As discussed in the previous sections, approximations and assumptions
were made in the analytical model to afford a quick and accurate solution
in predicting the thermal response of a charring heat shield. These
simplifying assumptions and approximations are expected to introduce only
minor errors; however, the validity of the analyses and resultant accuracy
can be Jjudged only by a comparison with exact theoretical solutions and
experimental data. Three examples have been selected, and a comparison
of the STAB II results with the theoretical and test data 1s discussed in the
following paragraphs.

An elementary transient heating example was chosen to demonstrate the
accuracy and numerical stability of the STAB II program. A steel slab
6 inchgs thick was selected and assumed to be at uniform initial temperature
of 460" R (0° F). The thermal properties were considered constant. The
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front surface was subjected to a heating rate of 72 Btu/ftg-sec, and an
adiabatic back surface was assumed. Figure 5 shows a comparison of the
STAB II calculated in-depth temperatures as a function of time with the
exact solution teken from reference 8.

To demonstrate the STAB II solution with a moving boundary, a slab with
constant properties, uniform initial temperature, front surface moving with
a constant velocity, and constant surface temperature was chosen. The exact
solution for a semi-infinite slab with these boundary and initial conditions
is presented in reference 9. Figure 6 presents a comparison of the STAB II
temperature response with the exact solutions. As can be seen from this
figure, the two solutions are not in agreement for approximately the first
50 to 60 seconds of the transient. This disagreement is the result of the
quasi-steady state assumption made in the exact solution analysis.

#) oo fBl
oL = 03 = Spc_ AT
[(ae) £=0 %[0 P ]
QT

A calculation was made to estimate the induction time (time at which Y i 0

is a good assumption) and found to be approximately 60 seconds, which is in
agreement with the STAB II results.

Finally, to verify the fully charring ablation model, an example of a
typical charring material was chosen. (See the sample problem in appendix A.)
The charring ablation material is initially 1.6 inches thick with an adiabatic

back surface and a constant heat flux of 95 Btu/ftg—sec applied to the front
surface. The surface is assumed to recede at a constant velocity of

3.05 % lO-Bin./sec. Figure 7 presents a comparison of the in-depth tempera-
tures with actual test results obtained in an arc tunnel. The results are in
good agreement, with the largest deviations between calculated and measured
values occurring for the thermocouple located at a depth of 1.0 inch. The
disagreement could be attributed to several possible errors: thermal property
values, incorrect location of thermocouples, et cetera. The effect of varying
the thermal properties (thermal conductivity, specific heat, et cetera) is
presently being investigated.

Tables I and II present the input and output data used for this example.
Figures 8, 9, and 10 are the resulting plot routine output.

The comparisons between the computer results and the exact solutions and
test results are considered satisfactory.
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CONCLUDING REMARKS

An analysis and a computer program for predicting the transient thermal
response of a charring ablation thermal protection system has been described.
The numerical formulation of the equations is such that an implicit solution
is obtained. This method of solution affords both a rapid and accurate solu-
tion for both ablating and nonablating type problems.

Provision is made in the program for a number of surface boundary condi-
tions. These provisions allow efficient use of the program for analyzing both
ground and flight test data and trajectory synthesis.

The computer program has been checked out with both exact solutions and
actual ablation test data. The numerical results are in good agreement with
the exact solutions and test data. However, the analysis depends upon using
good property values, and some effort must be expended in obtaining the best
possible thermal properties.

Manned Spacecraft Center
National Aeronautics and Space Administration
Houston, Texas, November 1, 1965
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APPENDIX A

SAMPLE PROBLEM

The following sample problem is shown to indicate the form of the data
input and the program output. A typical charring material subjected to a
constant heating rate as experienced in an arc tunnel is presented. The fol-
lowing is a sketch of the model:

& Gy = 99 Btu/ftg—sec
ABLATION T
1.5 in
MATERTAL l
Insulation s
{ I ) 0.1 ip.
Adiabatic

The various material properties and dimensions are shown in the program
output of Table II. The insulation is assumed to be ablation material for this
problem. The problem coding sheet and subsequent data card listing are shown
in Table I. The initial temperature of the structure was assumed uniform and
equal to 530° R (70° F). Figures 8, 9, and 10 are the output data obtained
from the plot routines.
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APPENDIX B
PROGRAM USAGE INSTRUCTIONS

IBM 7094/40 program FO21, standard ablation program, designated STAB II,
is designed to evaluate the transient thermal performance of a charring ablation
heat protection system. The program considers one ablating material and up to
12 different materials in the supporting backup structure. A maximum of
50 nodes may be considered in the ablation material, and a maximum of 10 nodes
per material is allowed for each backup structure material. Air gaps can be
considered between successive materials in the backup, thus allowing for
both radiative and/or convective heat transfer between materials. The heat loss
to the cabin enviromment from the backup structure can be accomplished by both
rediation and/or convection, or an adiabatic backface surface may be prescribed.

Unless otherwise specified, the input problem data are in "floating
point" form (E12.8 format) and must end in columns 12, 24, 36, 48, 60, and T72.
It is suggested that each floating point number have a sign, a two-digit
exponent, and a decimal point. For example, the number 145.23 can be written
as +1.4523 +02, +145.23 +00, or +.14523 +03.

Input Nomenclature

The nomenclature used in the problem data input is as follows:

NCASE number of problems to be run successively

HEAD any T2 alphabetical and/or numerical characters

TITLE control card for reading in new input for successive
problems

1. ©blank card — new data will be read in

2. 8ix asterisks in columns 1 to 6. Skip to
next read statement

TLIM time limit of problem, sec
TINT starting time of problem, sec
NPTT nurber of points in time—step table (the minimum

value of NPIT is 2)
NPLAT output plot control

=1 plot routine will be used

=0 plot routine will be ignored
33
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TTABLE

DELTT

IPRC

FCONV
FRAD

TABL
TCHAR

TREC

RHPV
RHPC

FBLIW

EMC

H300

Hv

VPT

FV

v

time in time—step table, sec

time step to be used for each calculation — starting
at time TTABLE, sec

variable print frequency in TTABLE table; that is, 1f
DELTT = 1.0 and IPRC = 10, the output will be printed
at 10-second intervals

factor to correct convective heating rate for various
body locations

factor to correct radiative heating for various body
locations

temperature at which ablation starts, °R
temperature at which ablation stops, °R

surface temperature, oR, or time at which char removal
is to start, sec

density of virgin ablation material, lb/:f:"t5

density of mature char material, lb/ft3

blowing efficiency of ablation gases in reducing convective

heating
emissivity of virgin ablation material
emissivity of charred ablation material
enthalpy of air at %00° K, 129.06 Btu/lbm
initial thickness of virgin ablation material, in.
heat of degradation of virgin material, Btu/lbm

test to determine if the reaction zone and char zone
thermal properties are irreversible with temperature

properties are lrreversible and equal to the value at
the maximum individual node temperature (this is the
recommended value for VPT)

properties are reversible

view factor for external environment

sink temperature of external enviromment, °R



CHARK

CHARC

ABIK

ABLC

NKC

NCPC

NCPV

NREC

TKC

XXC

TCPC

CceC

TCPV

CFV

TS

thermal conductivity of material at TCHAR, Btu/ft—hr—oR
specific heat of material at TCHAR, BtU/lbmeR

thermal conductivity of material at TABL, Btu/ft-hr— R
specific heat of material at TABL, Btu/lbm—QR

number of node points in gblation material

nunber of points in char thermal conductivity — temper-
ature table

number of points in char specific heat — temperature
table

number of points in virgin thermal conductivity —
temperature table

number of points in virgin specific heat — temperature
table

nunber of points in surface recession — temperature or
time table

temperature values in char thermal conductivity —
temperature table, ©OR

thermal conductivity values in char thermal conductivity —
temperature table, Btu/ft—hr-C°R

temperature values in char specific heat — temperature
table, °R

specific heat values in char specific heat — temperature
table, Btu/lbm—CR

temperature values in virgin thermal conductivity -
temperature table, °R

thermal conductivity values in virgin thermal conduc—
tivity — temperature table, Btu/ft-hr-°R

temperature values in virgin specific heat — temperature
table, °R

specific heat values in virgin specific heat temperature
table, Btu/lbm—CR

o
temperature, R, or time, sec, values in the surface
recession table
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SR

TIME

QCgN

VEL

NFBS
BL

XNPM

NCPB
XIDNT

TXK

TCP
CPX

RHEPBX

EMFB

36

surface recession values in the surface recession -
temperature or time table, in./sec

number of time points in the trajectory input table
the array of (NTRAPT) trajectory time values, sec

the corresponding array of cold wall convective heating
rates, Btu/ftELsec

the corresponding array of radiative heating rates,
Btu/fte- sec

the corresponding array of flight velocity, ft/sec
number of materials in backup structure

total number of node points in backup structure
total thickness of backup structure, in.

number of nodes in each individual material in backup
structure

number of points in each individual backup structure
material thermal conductivity — temperature table

nunber of points in each individual backup structure
material specific heat — temperature table

any T2 alphanumeric characters used to describe each
individual material in the backup structure

temperature values in backup material thermal conductivity -~
temperature table, ©R

thermal conductivity values in backup material thermal
conductivity — temperature table, Btu/ft—hr-°R

temperature values in backup material specific heat -
temperature tables, °R

specific heat values in backup material specifilic heat —
temperature tables, Btu/lbm-°R

density of individual materials in backup, l‘b/ft5
thickness of individual materials in backup, in.

emissivity of front surface of each material in backup




EMBB

GAPX

FTEST
BTES

TENV

HENV

FENV

QL@SS

TESTZ

TEMDI

3
T

+]

emissivity of back surface of each material in backup

film coefficient between adjacent materials in backup,
Btu/fto-nr-°R

width of gap between adjacent materials in backup, in.

tests to determine the mode of heat transfer between
materials for the front and backface of each material
respectively

conduction only between materials

convective heat transfer only

radiation only or radiation and convection heat transfer
temperature of interior cabin environment, °r

film coefficient to interior cabin environment,

Btu/rt5-hr-CR

view factor and emissivity product for radiative heat
transfer to cabin interior

boundary condition between last node of the backup
structure and cabin environment

adiabatic surfaces
radiation and/or convective loss

determines the proper heat shield initial temperature
distribution

constant, uniform initial temperature distribution
arbitrary initial temperature distribution
linear temperature distribution

temperature to be used when constant temperature
distribution option is used, R

initial temperature at front surface of heat shield to
be used inocomputing initial linear temperature
gradient, R

arbitrary temperature digtribution values, to be used only
if TEST? is negative, R
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NHP number of points in enthalpy — temperature curve fit

HX enthalpy values in enthalpy — temperature table,
Btu/lbm

™ corresponding temperature values in enthalpy — temperature
table, R

Input Data Card Preparation

The input data are given in the following order. FEach number in the fol-
lowing listing refers to a separate record and must begin on a new data card.
The input data have been grouped, where possible, into various sections dealing
with a particular part of the input, that is, ablation material properties,
trajectory data, backup structure, et cetera. This grouping permits the use of
a minimum number of input cards for running successive problems. The title
card ag described in the input nomenclature controls the input for successive
problenms.

1. The first data card contains the value of NCASE. NCASE is an integer
(I5 format) and must end in column 5. This card tells how many problems are to
be run and is entered only once at the start of the data deck.

2. Columnsg 1 to 72 of the second data card contain any title or identi-
fication information desired; any alphanumeric character may be used. This
card is printed at the top of the first page of the output. This card must be
included in all successive problems to be run.

(a) Problem time section

3. TITLE card — if blank, cards 4 and 5 must be submitted. If six aster-
isks are punched in columns 1 to 6, skip to record number 6.

4. This record contains, in the following order, TLIM, TINT, NPTT, and
NPL¢T. TLIM and TINT are entered as floating-point numbers and must end in
columns 12 and 24. NPTT and NPLYT are integers entered with an I5 format and
must end in column 30 and 35.

5. Start entering the values of TTABLE, DELTT, IPRC. TTABLE and DELTT
are floating-point numbers and must end in columns 12 and 2L. IPRC is entered
as integer with an I5 format and must end in column 30. Use as many cards as
required to enter NPTT values.

(b) Heating rate factors section

6. TITLE card - if blank, card 7 must be submitted. If six asterisks are
punched in columns 1 to 6, skip to record number 8.
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7. Enter the FCYNV and FRAD. These numbers are entered as floating-point
numbers and must end in columns 12 and 2L,

(c) Ablation material section

8. TITLE card — if blank, cards 9 to 18 must be submitted. If six aster-
isks are punched in columns 1 to 6, skip to record number 19.

9. HEADNG card - any alphanumeric characters in columns 1 to 72. Records
9 to 18 contain input data for the ablation material.

10. Enter TABL, TCHAR, TREC, RH¢V, RH¢C, and FBL¢W. These numbers are
entered as floating-point numbers (6E12.8 format) and must end in columns 12,

2k, 36, L8, 60, and T2.
11. Enter EMV, EMC, H300, VL, HV, and VPT, Use the same format as card 10.

12. Enter FV, TV, CHARK, CHARC, ABLK, and ABLC. Use the same format as
card 10.

13. This card contains, in the following order, NP, NKC, NCPC, NKV, NCPV,
and NREC., These numbers are fixed-point integers and must end in columns 5,
10, 15, 20, 25, and 30. An I5 format is used to read in these numbers.

1Lk. start entering the curve of TKC versus XKC, with the values of TKC
ending in columns 12, 36, and 60. The corresponding values of XKC must end in
columns 24, 48, and 72; for example, three TKC-XKC points are contained on one
card. The numbers are entered as floating-point numbers. Use as many cards as
required to enter NKC points on the curve.

15. Start entering the curve of TCPC versus CPC with the values of TCPC,
ending in columns 12, 36, and 60. The corresponding values of CPC must end
in columns 24, 48, and 72; for example, three TCPC-CPC points are contained on
one card. The numbers are entered as floating-point numbers. Use as many
cards as required to enter the NCPC points on the curve.

16. Start entering the curve of TKV versus XKV with the values of TKV
ending in columns 12, 36, and 60. - The corresponding values of XKV must end in
columns 24, 48, and 72; for example, three TKV-XKV points are contained on one
card. The numbers are entered as floating point. Use as many cards as re-
quired to enter the NKV points on the curve.

17. Start entering the curve of TCPV versus CPV with the values of TCPV,
ending in columns 12, 36, and 60. The corresponding values of CPV must end in
columns 24, 48, and 72; for example, three TCPV~CPV points are contained on one
card. The numbers are entered as floating point. Use as many cards as re-
quired to enter NCPV points on the curve.

18. Start entering the curve of TS versus SR with the values of TX, ending
in columns 12, 36, and 60. The corresponding values of SR must end in columns
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24, 48, and 72; for example, three TS-SR points are contained on one card.
The numbers are entered as floating point. Use ag many cards as required to
enter NREC points on the curve.

(d) Trajectory data section

19. TITLE card - if blank, cards 20 to 22 must be submitted; if six
asterisks are punched in columns 1 to 6, skip to record number 23.

20. HEADNG card - any alphanumeric characters in columns 1 to 72. Records
21 and 22 contain trajectory input data.

21. Enter NTRAPT, This number is an integer and must end in column 5.
An I5 format is used to read in this number.

22. Start entering the trajectory data in the following order: TIME,
QCPN, QRAD, VEL. These values are entered as floating-point numbers and must
end in columns 12, 24, 36, and 48. There are four trajectory data points on
one card. Use as many cards as required to enter NTRAPT points in the tra-

Jjectory.
(e) Backup structure section

23. TITLE card - if blank, cards 24 to 31 must be submitted; if six
asterisks are punched in columns 1 to 6, skip to record number 32.

2. Enter NMB, NPBS, and BL. These three values must end in columns 5,
10, and 24. NMB and NPBS are integers and are read in under an I5 format. BL
is a floating-point number.

25. Enter the values of XNPM. XNPM is in floating-point form and must
end in columns 12, 24, 36, 48, 60, and 72. Use as many cards as required to.
enter NMB points.

26. Enter the values of NKPB and NCPB, These numbers are integers and
NKPB must end in columns 5, 15, 25, 35, and 45; and the corresponding values of
NCPB must end in columns 10, 20, 30, 40, and 50. An I5 format is used to read
these values. Five NKPB-NCPB values are contained on one card. Use as many
cards as are required to enter NMB points.

27. XIDNT card - any alphanumeric characters in columns 1 to 72. This
card contains a description of each backup material.

28. Start entering the curve of TXK versus XK with the values of TXK,
ending in columns 12, 36, and 60, The corresponding values of XK must end in
columns 24, 48, and 72; for example, three TXK-XK points are contained on one
card. The numbers are entered as floating point. Use as many cards as re-
quired to enter NKPB points on the curve.
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29. Start entering the curve of TCP versus CPX with the values of TCP,
ending in columns 12, 36, and 60. The corresponding values of CPX must end
in columns 24, 48, and T2; for example, three TCP-CPX points are contained
on one card. The nunbers are entered as floating point. Use as many cards as
required to enter NCPB points on the curve. Repeat records 27, 28, and 29
until the properties for NMB materials have been entered. The maximum number
for NMB is 12.

30. Start entering the following values in order: RH¢BX, XBM, EMFB, and
EMBB. These values are entered as floating-point numbers (6E12.8 format)
and must end in columns 12, 24, 36, 48, 60, and 72. Use as many cards as
required to enter NMB points.

31. Start entering the followlng values in order: H, GAPX, FTEST, and
BTEST. These values are entered as floating—point numbers (6E12.8 format)

and must end in columns 12, 24, 36, 48, 60, and T2. Use as many cards as
required to enter NMB points. ’

(f) Interior enviromment section

32. TITIE card — if blank, cards 33 and 34 must be submitted; 1if six
asterisks are punched in columns 1 to 6, skip to record number 35.

33. HEADNG card — any alphanumeric characters in columms 1 to T2.
Record 35 contains properties of environment.

34. Enter the following: TENV, HENV, FENV, and QL¢SS. The values are
entered as floating-point numbers and must end in columns 12, 24, 36, and L8.

(g) Initial temperature section

35. TITLE card — if blank, records 36 and 37 must be submitted; if six
asterisks are punched in columns 1 to 6, skip to record 39.

36. HEADNG card — any alphanumeric characters in columns 1 to T2.
Records 37 and 38 contain initial temperature distribution input.

37. Enter TEST2, TEMPI, and TXf. These values are entered as floating—
point numbers and must end in columns 12, 24, and 36.

NOTE: If TEST2 is a negative number, record 38 must be submitted; other—
wise, skip to record 39.

38. Enter the arbitrary temperature distribution values, TEMDI. These
values are entered as floating points with a 6E12.8 format. Use as many
cards as required to enter NP plus NPBS node points.

(h) Enthalpy - temperature section
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39. TITLE card — if blank, records 40 and 41 must be submitted; if six
asterisks are punched in columns 1 to 6, this is the last data card in the
problem input.

40. Enter NHP. This value is an integer and must end in column 5. An
I5 format is used to read in this number.

L1, Start entering the curve of HX versus TW with the value of HX ending
in columns 12, 36, and 60. The corresponding values of TW must end in columns
2k, 48, and 72; for example, three HX-TW points are contained on one card.
The numbers are entered as floating points. Use as many cards as required to
enter NHP points on the curve. Record 41 consists of the last data cards

required as input for a problem.

As many successive problems as desired may be run at one time by proper
input preparation. STAB IT has been designed to save all input information
until it is changed by new input data. Therefore, the use of the TITLE
control card ils very important when running more than one problem and using
the input data of previous problems. As shown, each input section starts
with a TITLE control card for determining whether new input data are to be
used. If any data are changed within a section, then all data cards required
for that section must be submitted.

STAB II can also be used for solving one—dimensional transient heat—
conduction problems of nonablating materials. The following input parameters

must be adhered to:

1. TABL must be greater than the maximum temperature expected during the
calculation. Also, TABL > TCHAR ) TREC.

2. The ablation material must be considered to be the first material
in the structure for calculation purposes.

3. The virgin and char properties must be inputed as described above
but can have the same values; that is, XKV = XKC, CPC = CFPV, RH¢V = RH¢C,

et cetera.

The following dimensional statements and program limitations should not
be violated when preparing the input described above for ablating and non—
ablating structure:

1. All property tables can have a maximim of 20 points (i.e., a tempera~
ture and specific heat value constitute one point).

2. The surface recession table can have a maximum of 50 points (TS and
SR constitute one point).

3. The trajectory table can have a maximum of 300 points (TIME, QC¢N,
QRAD, and VEL constitute one point).
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4, The ablation material can be broken into a maximum of 50 nodes. The
backup structure can consist of up to 12 different materials with a maximum of
10 nodes per material.

5. A minimum of three nodes per material (ablation or backup) must be
specified.

6. A minimum of two materials must be specified (ablation material and
one backup structure material).

T. Pure conduction only is allowed between the gblation material and the
first material in the backup.

8. If any data input is changed in the Ablation Material Section on
successive problems, the Ablation Material Section data cards plus the
Initial Temperature Section data cards must be submitted.

Program Output Information

The computed results are available in two forms of output: +tabular and
plot outputs. The tabular output presents the computed results in block
type form for each computation step as controlled by the print count control
nurber. As discussed in the preparation of input data, both the computational
time step and print control can be varied throughout the rumning of a problem.
Therefore, excessive printed output is avoided, and there is a considerable
savings in actual machine computation time. The plot outputs are printed
and plotted only when the entire set of problems to be run are completed.

Tabular output. — The program prints a listing of the data input para—
meters for identification of the problem and ease in identifying any input
mistakes. For stacked problems, the program prints only that input information
that is changed from the previous problem. The following calculated problem
output is printed:

1l. Time, sec

2. Cold wall convective heating rate without blowing, Btu/ftg—sec

5. Radiative heating rate, Btu/ftZ-sec
k. vVelocity, ft/sec
5. Gas aolation rate, lbm/ft°-hr

6. Char ablation rate, lbm/ftg—hr
7. Total ablation rate, lom/ft2-hr

8. Surface recession depth from original surface, in.
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9. Hot wall convective heating rate without blowing, Btu/ftz-sec
10. Temperature distribution in ablation material, °r
11. Temperature distribution in backup structure, °R
The temperatures printed for the ablation material are for fixed distances

from the original surface. These distances are calculated from the initial
ablation material thickness and number of nodes in ablation material. TFor ex-

ample
let
VL = 1.0 in.
NP = 11
then
AX = B = 0.1

The temperatures will be printed for X distances of O, 0.1, 0.2, 0.3,
et cetera, from the original surface until the surface has receded beyond these
fixed distances at which time the node no longer exists and is dropped from
the printout. This is illustrated in the following way: let surface
recession = 0.26 inch. The first temperature printed then is the surface
temperature of the material, located 0.26 inch from the original material sur-
face. The following printed ablation material temperatures are for X dis-
tances of 0.3, 0.4, 0.5, ..., 1.0 inch.

The format for the temperature distribution printout is E16.5 with six
temperatures printed per line.

Plot output. — The plot output gives the following ablative material per-
formance parameters as a function of time:

l. Surface depth, in.

2. Bondline temperature between ablator and backup structure,OR

3. Two selected isotherm depths

These values are also printed in tabular form for ease in checking and

replotting of the results. The plotted curves contain all maximum and mini-
mum values of the parameters.
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PROGRAM IN FORTRAN STATEMENTS
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$
C
c
C
C
C
c
c
c
C

IBFY

3000
3001
3002
3003
3004
3005
3007
3008
3009
3010
3011
3012

C MAIN

STRUCTURES AND MECHANICS DIVISION
THERMO=STRUCTURES BRANCH
THERMAL PROTECTION SYSTEMS SECTION

THIS PROGRAM NETERMINFS THE PFRFORMANCE OF A CHARRING APR|_ATOR
ANALYSIS AND PROGRAM NEVEL OPED Ry DONALD M, CURRY =* ES32

NIMENSION ESAVEL(3) +ESAVF2(3) ESAVE3(3)-

DIMENSION TITLE(12)oHFADNG(12),XIDNT(12,12)sTKC(20)9XKC(20),
1CPC(20) o TKV(20) XKV (20) , TCPV(20),CPV(20), TIME(300) ¢ OCON(300),
20RAD(300) » VEL(300) 1 XNPM{12) o NKPR(12) s NCPB(12) s TXK(20,12),XK{(20/s12)
30TCP(20012) pCPX(20912) s RHOBX(12),XBM(12),FMFB(12) EMBR{12) yHXX(12)
U4yGAPX(12) oFTEST(12)»RTEST(12),TEMDI(200)+TX1(200)TX2(200),
STX2T(10012)» TULL1(200), TUL2(200) »HX(50) »TW(S0)»IR(S50),IRI(50),
6TR2(50) 2 TUL(SN) » IEMISN) y TY(200) o AL200) ¢R(200),C(200),N(200),
TR{S0) sRHO(50) 4y CP(50),DXR(12),XKR(10+12)oCPB(10,12),XMDG(KO0},
B8YK(50)/9AB(10,12),BB{10,12):CR(10,12),D8(10,12),5R{10,12),
9RR1(1N,12)sRB2(10+12),H(12)9S(50) +NPM(12)

DIMENSION TTUL(50) ¢+RHOYI(R0))RHOY2(50) ¢NRHO(S0) » TCPC(20)

NIMENSION TIMFP(300),PRFS(300)sXC(50),TX2C(50) ¢ XVIE0),XDV(50)

DIMENSION TS(50),SR(s0)

DIMENSION TTARLE(20).NELTT(20),IPRC(20)

DIMENSION ASAVEL (3)»ASAVF2(3) ,ASAVEZ(3)9yBSAVEL (3)+BSAVE2(3),
1HSAVE3(3) »CSAVEL(3) »CSAVE2 (3) ,CSAVEI(3) yHEAD(12),

INSAVEL(3) »DSAVE2(3) +NSAVFA(3)

DIMENSION XRA(30),YA(30)

COMMON TKCoXKCrTCPCoCPCy TKV e XKV TCPV»CPV, XNPM,RHORX ¢ XRMy FMBR,
IFMFFnNKPbONCPPITXKIXKoTCP'CPX'NPM!GAPX,FTFSTORTFST!TEMDIpTXlo
2TX2e TX2T o TUL» TULL» TUL2» IR, IR1,IR2)AvB,CoD»SsR,AR,RB»CR¢DB,SB,
SRR1sRB2r TYRHOY 1, RHOY? s XMNG o RHO ¢ CP o YK s XKR s CPB,DXR DT » XLOST,
UTABL s TCHAR» TRFCrRHOV ,RHOC s FRLOWIEMV e EMC o HI00 s NKC,NCPCyNKV¢NCPV
SNPyNMR s NPRS yNPF» TEST2, TEMPI s TXO0 ¢ TENV, HENV ,FFNV » QLOSS, TLIM, TINT

COMMON T1/,I2,73+1U+»15,16,QIN,INT,DXeXMTyTLsVL,BL,DMP,FRR1,ERR?»
1FRR3)ERRY ¢ HV , VPT , CHARK » CHARC » ABLK ¢ ARLC » XMDC o H

FORMAT(12A6)
FORMAT(1X,12A6)
FORMAT(6E12,.8)

FORMAT(615)

FORMAT(11%)

FORMAT (215}
FORMAT(2I5,1F14,8)
FORMAT(///71%X,12A6)

FORMAT (1H1+1X,12A6)
FORMAT(U4E12,.,8)

FORMAT (2E12.8¢+16,15+F13,8,E12,8)
FORMAT(2E12.8,16)

DATA PRVOUS/05454545u845u/
REWIND 11

STOP=9999,
READ(5»3003)INCASE

LPLOT=0

JCNT=0

AQ000
ADO10
AOO020
AQ030
AQOUN
ADOSN
AO0AD
ADOD70
ADDOARD
ApO9n
AD1NND
AOD110
AD12n
AQ13N
AC1u90
AQ150
AD160
AD17N
AD1RO
ADTO0
AQ200
A0210
AD220
A0230
A02un
AQ25N
A0Z26n
AD270
AD280
AD29n
AD3ON
AQ3LN
AD320
AO033n0
AD3un
AQ0350
AO36N
AO370
AO3AN
AQ39n
Apunn
AQLLN
AQuan
AOL3ZD
AQLuUO
AOUKN
AOueN
ADLTN
AQu8n
AQuL9N
AOS00
AQS10
AQS20
AOS3n
AOS40
AOG55N
AOSAN




50 NK=i
11=2
12=2
1322
T4=2
15=2
16=2
117=2
INT=1
XLOST=0.0
XMT=0,0
XMDT=0,0
FRRI:0.0
FRR2=0,0
FRR3z0,.0
FRRU4=N,0
1CT=0
ICONT=0
XMDC=0,0
NKP=z=1
XLSTV=0,0
NRS=2
FRR5=0.0
TPCT=0
1CTP=0
1PLOT=1
NXA=1
N¥XB=1
NXC=1
NXD=1
SAVY3==100,
SAVYHY==100,
$X0z=0,0
QDOT:G.O

GFNERAL TITLg OF PROBLEM
100 READ(5,3000) (HEAD(K),K=1,12)
WRITE(6¢3009) (HEAD(K) »K=1012)
LPLOT=LPLOT+)
WRITE (11)(HEAD(I)»1=1,12)
WRITE(6¢110)
110 FORMAT(//1X»1tHINPUT DATA.//)
READ(S5+3000) (TITLE(LY»L=1012)
TF(TITLE (1) .eQ.PRVOUS) GO TO 150
READ(S»3011)TLIM, TINT,NPTTyNPLOT,DMP, TDMP
RFAD(593012) (TTABLE(T) DFLTT(I),IPRC(I),I=1,NPTT)
=TINTY
NTS=DFLTT (1)
NT=DELTY(1)/3K00,0
WRITE(692120) TLIMyTINTINPTT
120 FORMAT(1HO#11HTIME LIMIT=+1PEI0.ueUXp13HINITIAL TIMEZ,1PE10.4,UX,5
1HNPTT=r I4)
WRITE(69122)
122 FORMAT(//8XsuHTIME» 1OX9OHTIME STFP 16X,y 13HPRINT CONTROL)
WRITE(6s124) (TYARLE(T) oDFLTT(I),IPRC(I),TI=1,NPTT)
124 FORMAT(S5Xe1PE10.U4s6X)1PELIN.U,9X, TL)

A0570
A0580
A0590
A0600
A0610
AO0620
A0630
AD6UD
A0650

AD6RN

AO670
A0680
A0690
A0700
40710
A0720
AO730
AO740
A0750
AQ760
AO770
£0780
A0790
A080N
AOR1N
A0820
A0A3N
AOBLN
A0B50
AOBAN
A0A70
R088N
A0890
A0900
A0O1N
A0920
20930
A09u0
A0950
A0960
A0970
A0980
20990
A1000
A1010
A1020
41030
AL04N
21080
21060
A1070
A1080
41090
AL100
AL110
A1120
AL130
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48

LLOCATION FACTORS FOR CONVFCTIVE AND RADIATIVE HEATING

Cc
150 READ(5,3000) (TITLE(L)»L=1,12)

IF(TITLE (1) ,EQ.PRVOUS) GO TO 200
READ(%+3002) FCONV,FRAD
WRITE(6¢155) FCONV,FRAD
155 FORMAT(1HO»6HFCONVZ,1PE12,5,4X5HFRADS, 1PF12,.5/)

PROPERTIES OF ABLATION MATERTAL
200 READ(5,3000) (TITLE(L)sL=1,12)
IF(TITLE(1) ,£0.PRVOUSY GO TO 300
READ(S:3000) (HEADNG(K) oKZ1+12)
RFAD(5,3002) TABL ¢ TCHAR)TREC ,PHOVIRHOC FRLOW,FMV,EMC,H30Ns VL ,HV,
1VPTFVeTVeCHARK » CHARC » ABLK ¢ ABLC
RFA (59,3003) NPyNKCINCPCNKV,NCPVINREC
READ(5¢3002) (TKC(K),XKC(K)sK=1sNKC)
READ(5,3002) (TCPC(M),CPC (M), ,M=z1,NCPC)
READ(5,3002) (TKVIL), XKV (L )eL=1sNKV}
READ(5¢3002) (TCPV(N),CPV(N) 4N=1,NCPV)
READ(5/,3002) (TS(T)sSR(Y)»1I=Z1,NRFC)
WRITE(6+3008) (HEADNG(K) X=1,12)
WRITE(6¢210) TABL»TCHARy TREC,RHOV»RHOC +FRI.OWFMV,EMC,H300 VL, HV»
1VPT»FVy TV, CHARK »CHARC » ARLK s ABLC
210 FORMAT(1H005HTABL:.1PF12.503Xo6HTCHAR=(!PF12.503X'5HTREC:¢19512.50
13X ¢ BHRHOVZ2 1PF12,.5, 3%y SHRHOC= s 1PF12,5,21X/1Xs 6HFBLOWS, 1PF12,5,4X,4

2HEMV=,1PE12,5/,4X s 4HEMC=), 1PEL12,5¢ 3X ¢ SHH300= 9 1PE12,5,5X s 3HVL=»1PE12,

35/“x'3HHV=O1PF12.5'“X'“HVPT=o]PF12.505X13HFV2u1PF12.5.5X.3HTV:!195
112,51 2X06HCHARK= » 1PF 12,5/1 X9 6HCHARCT 1PE12.5+3Xs5HABRLK=)»1PE12,5,3X
2,85HABLC=»1PF12,.,5/)
vL.I=vL
vi.=viL/12,.0
vLvV=vL
WRITE(69220) NPoNKCyNCPC,NKV,NCPVsNREC
220 FORMAT(2X s 3HNPZ 9114 o uXe UHNKCZ 1 TU e 8X s SHNCPCZ o 1 I8, X o UMNKV= s 1 Tl Xy
15HNCPV=e 114 94X s SHNREC=» 1T4)
WRITE(6¢221)
221 FORMAT(/32Xs15SHVIRGIN MATFRIAL/20X s 7THTHERMAL » 38X, BHSPFCIFIC/3Xs11H
1TEFMPERATURE » 4% » 12HCONDUCTIVITY s 19X 11 HTEMPERATURF » 7X, UHHEAT)
KLLL=MING (NKy,NCPV)
WRITE(60222) (TKVIL) ,XKV(L) e TCPV(L) o CPVIL) pL=1KLLL)
222 FORMAT(2X)1PE12.,5:4X,1PF12.5,18%X,1PF12.5 »3X,1PE12,5)
IF (NKV=NCPV)} 923,227,225
223 KLLLL=KLLL+1
WRITE(6s224) (TCPV(L)CPVIL)L=KLLLL,NCPV)
224 FORMAT(U4BX1PF12.5+3x,1PF12,5)
60 YO 227
225 xLLLL=KLLL+}
WRITE(6+226) (TKVIL) ,XKV(L)oL=KLLLLsNKV)
226 FORMAT(2X/)1PE12.5:4X,1PE12:5)
227 WRITE(6+228)
228 FORMAT (//33X, 14HCHAR MATFRIAL/20X» 7THTHERMAL » 38X, BHSPFCIFIC/3Xs11H
1TEMPERATURE ruX» 12HCONDUCTIVITY 119X » 1 1HTEMPERATURE » 7X, 4HHEAT)
KLLL=MINO {NKC,NCPC)
WRITE(6¢222) (TKCIL) ,XKC (L) »TCPC(L)} ¢ CPCIL)sL=1oKLLL)
IF (NKC=NCPC) 230,235,232
230 KLLLL=KLLL+Y
WRITE(6r224) (TCPC(L) CPCIL) oL =KLLLL,NCPC)
GO TO 235

v

Altun
Alisn

AL1160
A1170
AL18n
A1190
A1200
A1210
21220
A1230
Al1240
A1250
A1260
A1270
A1280
21290
A1300
A1310
AL320
A1330
AL3un
A13§0
Al1360
A1370
A13a0
A139n
AlkoO
Al4an
ALh20
AL1430
Albun
ALuSN
ALL6N
Al4T7n
Alu8n

-Alu90

A1500
A1510
A1520
A1530
A1540
1850
A1560
A1570
A1580
A1590
AL600
A1610
£1620
A1630
AL640
A1650
A1660
AL6T0
A1680
A1690
A170n



232 kLLLL=KLLI +1
WRITE(60226) (TKCIL)Y,XKC (L) eL=KLI LLoNKC)

235 wWwRITE(60240)

2u0 FORMAT (/728X ,23HSURFACE RFCESSION TABLE//25%,11HTFMPERATIREAY s 11H
1SR =~ IN/SFC)
WRITE(602u05) (TS(TI)rSRIT)IZ1,NRFC)

245 FORMAT(24X¢1PF12,.5¢7X,1PF12.5)

PROPERTIES OF TRAJUECTORY
300 RFAD(S,3000) (TITLE(LY»L=1,12)

TF(TITLE (1) .F0.PRVOUS) €O TO 400

RFAD(5,3000) (HEADNG(L )t =1912)

REFAD(5,3004) NTRAPT

RFAD(S,3010) (TIMF(K),QCOM(K) ,QRAN(K) y VFL (K) 4&K=1,NTRAPT)

WRITE(6+3008) (HEADNGIL) ,1.=1,12)

WRITE(69310) NMTRAPT
310 FORMAT(1HN27H NO, OF TRAJECTORY POINTS =,114)

WRITE(6¢320)
320 FORMAT(//BX»uHTIMF ¢ RY, 12HN CONVECTIVE  4X,11HO RADTIATIVE» 7Xs BHVELOC

117Y)

WRITE(60330) (TIME(K) QCOM(K) ,QRAD(K) yVFLL(K) yK=1,NTRAPT)
330 FORMAT(1+uElg,5)

PROPERTIES OF BACK=Up STRUCTURE
400 RFAD(%,3000) (TITLE(L)yL=1,12)
IF(TITLE (1) ,FO.PRVOUSY Gn TO &00
WRITE(6+410)
410 FORMAT(//10X,31H PROPFRTTIFS OF RACKUP STRUCTURE/)
HFAD(R,3U07) NMR,NPRg,BL
KFAD(S)3002) (XNPM(K),K=1,NMR)
READ(R,)818) (NKPB(I) NCPR({I),1=1,NMB)
415 FORMAT(10T5)
PO 420 K=1j)Nup
NPM(K)=XNPM{KY+0,0000n0n2
420 CONTINUE
WPITE(60425) NMR,NPRg,Bl -
425 £ORMAT(/uX935HNO, OF MATFRIALS IN BACK=UP SHIFLDz,1lu/4%,40HTOTAL
INUMRER OF NODFS IN RaACK=IP SHIELN=+s1I4/4%,28HTHTICKNFESS OF BACK=lIP
2GHIFLN=»1PEL12,5//)
RL=RL/12.0
NO 4yn I=1eNMR
LK=NKPB( )
LCP=NCPR(T)
READ(S»3000) ((XINNT(KsT))eKz=3,12)
REFAD(Re3002) ((TXK(J,T)eXK(JrT)),J=1,LK)
READ(S93002) ((TCPUJ,T) s cPX{JyIN)pJ=1,LCP)
WRITE(6eu432) (XIDNT(K,:I),K=1,12)
432 FORMAT(//12A&)
WRITE(6ou33)
433 FORMAT(//20X, 7THTHFRMAL » 32Xy BHSPECIFIC/3Xe 1 1HTFMPERATURE » X9 1. 2HCOND
TUCTIVITY s 19X, 1 IHTFMPERATIIRE » 7X » U HHEAT)
KLLL=MINO (LK,L CP)
no u43u Nz1.KLIL
WRITE(69222) (TXK(Ne 1Y o XK(N»T) o TCPIN,I)»cPXIN,I))
434 CONTINUE
JF(LK=LCr) 425,440,437
435 kLLLL=KLLL +1

ALT71n
A172n

A173n
AL7un0
A1750
A176&N
ALT7TN
A1780
AL79n
AlRgnN
AlALN
ALR2N
ALRAN
Al8un
AL18HN
ALREN
ALB70
AlA8N
A1AGN
A1900
A191n
A192n
AL1O30
A19un
A198N
A194N
AL197N
A19an
A199n
az200n
A2010
A2020
A203n
A2040
A2080
A2060
A2070
A208N0
A2090
A21a0n
A211n0
A2120
A213n0
A2140
A218n
A2160
A2170
A218n0
A2190
A220n
A2210
A222n0
A2230
A2240
A225%0
A226N
A227N
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NO 436 NZKLLLLLCP A2280
WRITE(6,228) (TCP(NyT)»CPY(N,T)) A229n
436 CONTINUE A2300
60 TO by A2310
437 KLLLL=KLLL+1 A2320
NO 43R N=KLLLL 1LK A233n0
WRITE(6+226) (TXK(NyT)»XK(NyT)) A23un
438 CONTINUE A2350
440 CONTINUF A2360
RFAD(5¢3002) (RHORX (L) ¢ XRM(L) JEMFR(L) EMRR(L) yL=1+NVB) A237n0
READ(553002)  (H(J),GAPX(J) FTEST(J),BTFST(U) »J=1,NMR) A2380
WRITE(6+450) A239n
450 FORMAT(///55Xs10HFMIGSIVITY/8X s AHMATERTAL »5Xs THDENSITY» 7Xs OHTHICKN  A240N
1FSS s 7% ¢ SHFRONT » 9X ¢ 4HBACK , 7X » 14HNODES/MATFRIAL /) A261N0
no 4en LLJ=1,NMR A2u2n

WRITE(6+455) LLJyRHORY (LLJ) o XPM(LLJ) » FMFRILLU)Y ¢+ FMRB(LLJ)Y o XNPM(LL) A2u30
455 FORMAT(11Xe1T198Xe1PF10,u,uX1PE10U,0Xe1PELIO U4ruXe1PF10, U4,6X,1PFY A2u44n

1n,4/) : A245n0
4A0 CONTINUF A2uAN
WRITE(6r065) A2470

4rS FORMAT(//uXspNHADNITIONAI DATA FOR INNIVINDUAL MATFRIALS TN RACKUP A2480
1STRUCTURE /711X s BHMATFRIAI »5X s 16HFILM COEFFICIFNT,5X s 13HGAP THICKNF A2u9n

2GS 18Xy SHFTEST,» 13X e SHRTEST) A2500

No 48n Jz1yNMR . A251n
WRITE(6s470) Jr  HID) »GAPXIU) JFTFSTLD) yRTEST(J) A2520

470 FORMAT(13Xs11Re 12X 1PF1N, 099X, 1PF10,4,7X, 1PF11.b4,7Xp1PEY1,4/) A253n
4R0 CONTINUF A254n

C A285N
c PROPERTIES OF ENVIRONMENT A256N
500 RFAD(S3000) (TITLE(L)»L=1,12) A257N
IF(TLITLE (1), FQ.PRVOUS) GO TO 600 22580
READ(S»3000) (HEADNG (L) ,1.=1+12) A259n
READ(Ss3uN2) TENV,HENV,FFNV Q! 0SS A2600

WRITE (693008) (HFADNG(L),.=1,12) A2610
WRITE(6+520) TENV)HFNV,FFNV,QLOSS A2620

520 FORMAT (/uXs1pHTEMPERATURFZ1PF12 508X, 1THFILM COFFFICTENTSZ,1PF12,.5  A2630
1,8X+12HVIFW FACTORZ»1PE12,5,4X+7THO LOST=,1PE12,.5) A2640

c A265N
c INITIAL TFMPERATURE NTSTRTIBUTTON A2660
600 RFAD(S,3000) (TITLE(L)»L=1+12) A267N
TE(TITLE (1) .FR,PRVOUS) GO TO 700 A268N
READ(S,3000) [HFAPNG(L) ,L=1,12) A269n0
NPF=NP4+NPRS A2700
TL=VL+BL A2710
xNP=NP A272n
DXZVL/ (XNP=1,0) A273n
NPYX=DX A27u4n
READ(®y3002) TEST2»TFMPI,TX0 A275n
TE(TEST2) 610,6200620 82760

610 RFAD(%¢30N2) (TEMDI(K) )K=1sNPF) A277N
nNo 615 K=1,)NPE A2780
TXL(KISTEMDI (K ) A279n
TX2(K)I=TX1(K) A2800

TULY (K)=TX1(K) A2810
TUL2(K)=TX1(K) A2820

615 CONTINUF A2830
I.=NP+1 A2RuN
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10 619 I=1,NmR

L N=NPM(T)

NO 617 JzteLN

TX2T(Je 1) =TEMNI(L)

| SL+1
617 CONTINUF
619 CONTINUF

60 TO 625
620 CALL TEMFD
625 WRITE(6¢3008) (HEADNG(L)Y,1.21,12)

TF(TEST2) 630,635,640
630 WRITE(69632)
632 FORMAT (4X52HTEMPERATURE NISTRIRUTION IN HEAT SHIFLD TS ARBRITARY/

1

WRITE(6/91633) (TEMDI(K) sK=1oNPF)
633 FORMAT(1PRE12,5)

GO TO 645
635 WRITE(6,637) TEMPTY
637 FORMAT(//uXeruHTEMPFRATURF DISTRYRUTION TN HEAT GHIFLD I UNIFORM

1aND ENUAL TO ,1PE10.u/)

GO TO 645
6u0 WRITE(6s601)
641 FORMAT (4Xx,54Ht INEAR TFMPFRATURE DISTRIBUTION ASSIMED TN HEAT SHIFL

1n/7)

WRITE(60633) (TEMDI(L) »L=1sNPF)
6u5 TF(DMP) 700,7n0r6U6
6u6 WRITE(6,647)
647 FORMAT(//)
648 WRITE(6+649) (TXL(L),TX2(1)eL=1,NPF)
6U9 FORMAT(2X11PF12.5s4X,1PF12.5)

WRITE(69650)
650 FORMAY(//)

FNTHALPY AS A FUNCTION OF TFMPERATURE
700 READ(5:3000) (TITLE(L)»L=1,12)
TF(TITLE (1) ,EQ.PRVOUS) GO TO 725
RFAD(5»3004) NHP
REFAD(R»3002) (HX(K)pTW{K) K=1,NHP)
725 n0 728 1=1/Np
TR(I)=0
TRP1(IY=0
TR2(IY=N
TFM(IY=0
XMDG(1)=0,0
728 CONTINUE
WRITE(6+730)
730 FORMAT(1H1+12HOUTPUT NATA,//)
XC(1)=0,0
NO 7un Iz2,NP
XC(I)=XC(T=1)+DX
700 CONTINUE
750 TF(T=TIME(NK)) 7A5¢77Ne 760
760 NK=NK+1
TF (NK=NTKAPT) 750,750,762
762 WRITE(61763) NK
763 FORMAT(1HN»33H THF VALUF OF NK 16 IN FRROR» NK=,114)
GO TO 905

A285n
A28aN

A2870
A288n
A289n
A290n
A291n0
A292n
A2930
A20un
A2950
A2960
A2970
A2980
A299n0
A3000
A3010
A3020
A303n
A30un
A305N
A306N
A307N
A308n
A3090
A310n
A3110
A312n0
A313n
A31u4n
A3150
A3160
A3170
A318n
A319n
A32a0
A3210
A322n
A323n
A32un
A325n
A326N
A3270
A328n
A3296
A3300
A331n
A332n
A333n
A33un
A3350
A33AN
A337TN
A33an
A339n
A34on
A341n

51




52

765
766

770

775
776
777
778
779
780

782
784

786

788
789

4001

790
791

792

793
1790

1798

a0

1794
795
796

TF(NK=2) 762,766,
ACONX=QCON(NK=-1)+

1% (T=TIME (NK=1))

OCONX=FCONV*QC ONX

QRADX=QRAN (NK=1) 4+ ( (QRAD(NK ) =QRAN(NK=~1) )} /({ TIME (NK)=TIMF (NK=1)))
14 ({T=TTMF (NK=1))

ORADX=FRAND*QRADX

VFLXZVEL (NK=1 )4+ ( (VEL {INK}=VEL {NK»11)/(TIMF (NK)=TIMF (NK=1}})
1#(T=TIMF (NK=1))

60 TO 775

ACONXZFCOMVROCON(NK )Y

ORADX=FRAN*QRAD (NK}

VFLX=VEL (NK)

766
((ACON(NK)=QCON(NK=1)) /(TIME(NK)=~TIMF (NK=1)))

COMPUTE HFAT RLOCKAGF AT FRONT SyRFACFE

TF(I17=1) 778,778+7764

TF(Y17=NHP) 777¢777+778

TF(TX2(INT)=TW(IL17)) 782,788,780

WRITE(6»779) TX2(INT)

FORMAT (11D s 84 THE RANGF OF THE FNTHALPY.TEMPFRATURE CURVF FIT WAS
1 XCEENED AT A TEMPERATURF OF,1E1n,4)

60 TO 9085

117=117+1

a0 YO 776

TRITXD(INT)I=Tw{I17=1}) 7Ru+78R),786

117=117=1

60 TO 77%

HWZHX (117l ) ¢ ((HXCI17)=HX (I17=1)) /(TW(I17)=TW(I17=1)))
1 (TX2(INT)=Tw(I17-1))

a0 TO 789

HWz=HX(I17)

HTXZ=H300+ ( {VFl X*x%x2) /50056,5)
ARLOCK=(FRLOW*XMDG (INT) R (HTX=HW) ) /3600,0

COMPUTE HFAT TN DUE TN SURFACF COMBUSTION
XMDOZXMDC
CALL OXTIUAT (xMDO,00XTD)

COMPUTE Q=HOT WALL
TFITOMP,EQ.0,) GO TO 4001
TF(TOGE.]”MP) DMP:l.n

7= (HTY=HW )/ (HTX=H300)
IF(Z=1.,0) 790,792,793
1F(2) 791,791,793

OHW=0,0

GO TO 1790

AHW=QAONX

G0 YO 1790

QHWZZ%QCONX
7222=(OHW=0BLOCK) /OHW
TF(227=0.2) 1798,1798,179u
OPLOCK=0,8*%QHW

NFT HFAT INTO FRONT SURFACE
IF(IEM(INT)) 795,795,797
TF(TX2(INT)=TCHAR) 70R,79R¢ 797
FMXZEMY

A3u20
A34L30

A3Gyn
A3uSN
A3uAN
A3UTN
A3u8N
A3n9n
A350N
A3S1N
A3520
A353N

- A354n

A3RSN
A3KAN
A3ZKTN
A3K8n
A3SA9n
A36NN
A3610
A362N
A363N
A3R40
A3650
A3AAN
A3GKTN
A3GAN
A3AON
A370n0
AZT1IN
A372n
AZ73N
A3Tun
A3ZTHN
A37a0
A3T7TTN
A378n
A379Nn
A3A800
A3B1N
AZR2N
A3R3nN
A3A4nN
A385N
A3BAN
A3R7N
A3R8N
A389N
A300N
A301N
A392n
A393n
A39un
A3950
A3960
A397N
A3980




0 TO 798
797 1FMUINT)I=M
FMX=EMC
798 NINZQRADX+QHW+QOXID=QRLOCK={4 (B3ZBZE~13) #FMXAkFVR( (TX2({ INT) %%l )~
1(Tv*xu))
IF(DMP) ang,8nu,8n00
800 wPITE(6+,801)
801 FOKMAT(///)
WRITE(61802) QCONXY»QRADX,VELX  HTX»HW»Z»QRLOCK , QHW» QOXTDrQIN
802 FORMAT(1X,6HQCONX=»1PF12,592X 16HORADX= ¢ 1PF12,5,2X s SHVFLX=y 1PF12,.5,
12X UHHTXZ s IPE124592X, AHHW=s1PF12 ,5/1X, 2H7=9 1PF 12,5+ 2X, 7THARLOCKZ 1P
2F12.592X 2 UHOHWE 9 1PE12,59 2%y 6HOOXIDZ v 1PE12,5¢2X s 4HAIN=,1PF12,5/)
804 QINZQINX3600,0

CHECK FOR FRONT SURFACE RFCESSION (CHAR LLAYFR REMOVAL)
CALL RECESS({XMDC,XLOST»TRFCoDT»RHOC»TS»SReTX2(1),NREC)NRS)ERRR s SX0N
1.SDOT,DMP)
TF(ERR5) 8050,8050,9n5
8050 vLV=VLV=X1LO0ST
X STV=XLSTV+xt OST
XI STI=XLSTV*12,.,0
NXVEVLV/ (XNP=1,0)
XV(1)=0,0
no 1780 I=2,NP
XV(I)z=XV(T~1)+DXv
1780 CONTINUF
nXx=0Dxvy
TF(ERR4) RO6,206,805
805 O TO 905
806 cALL COFFF(NPFT,»SDOT)
IF(DMP) 8069,8069,80a1
B0A1 wRITE(6+,8062)
B0R2 FORMAT(/1X»23H COEFFICIFNTS FOR QWUFT/)
no 80A6 IZ1eNPFT
WRITE(6:8064) A(I)sR(I),C(I),D(T)o]
B80AU FORMAT(IHNISHA(TI)I = 1PF12,8:2XsSHRIIVIZIPFI2,592X,5HC(T)=, 1PF12.5,2
IX)SHD(IIZ P IPE12,592X, 2HI=,13)
8066 CONTINUE
8069 TFIFRR2) R07,R07,R0%
807 TF(ERR3) R10,Rr10,808
808 wRITE(6,809) TKK
819 FORMAT(1HO»1AH THF VALUF OF IKK=,11I4)
0 TO 905
810 CALL SWUFT(A,RyCyDs TY,NPFT,DMP)
827 nO B2a8 I=1/)Np
TX1(1)=TX2(D)
™2(1)=Ty (D)
828 CONTINUE
CALL NON2(XLOST e XVeTX29 NPy XCoTX2C o XDV,yKKVp XLSTV2NXX)
830 CALL ABLATE
XMDT=XMDG (INT)Y +XMDC
LT=NP+1
NnO 1815 I=1,NmB
LLT=NPM( 1)
IF(I.FQ.1) Go TO 181>
IF(GAPX([=1),FQ.0,) G0 To 1812
KKT=1

A399n
A4ONN
A4O1N
ALO2N
ALO3N
AuOun
ALOSO
ABOARN
A4070
AuNgn
A409N
AB100
YRR N
AG120
ALY 3N
Autun
AB1SN
A416N
AB170
Au18n
Aklan
pL200
A4210
A422n0
A4230
Ay240
AU25N
AL260
A4270
AL280
A4290
AUINNO
ALUB1O
ALUN20
ALRZN
A4340
A43EN
ALUZAN
A4370
A438n
A4390
Abunn
AlL1N
A4u2n
ALu3n
Aguyn
A4USO
AUYKN
ALGT70
Al4AaNn
Al49n
auS00n
A4SIN
Au%2oN
ALUS3N
A4Sun
A4SSN

53




5k

1812
1813

1815

1816
1817

1819

813

5835

5834

5836
5818

839

838

815
ax7

G0 _TO 1813
KKT=2
NO 1815 JzKKT,LLT
TYX2T (S T)=TY(LT)
LT=LT+1
CONTY INUFE
nO 1819 I=1,NMB
TIF(1.,F@.1) GO TO 1814
TF(GAPX(I=1),FQ@,0D,} 60O TO 1817
GO TO 1819
TX2T(191)=TY (NP)
60 TO 1819
LX=NPM(T=1)
TYX2Y (1o 1) =TX2T(LXsIm1)
CONT INUF
| M=NP+1
NO 83% Iz=1sNMR
1.Z2=NPM(T)
no 833 J=1,L2
TX2(LM)I=TX2T(J» 1)
|.MzLM+]1
CONT INUE
N0 5834 I=2,NPTT
IF(T=-TTABLE(1)) 583%,%5835,5834
NTSEDFLTT (I=-1)
TPRCT=IPRC(I=1)
NT=DELTT(1=1) /360040
60 TO 5R3A
CONTINUE
NTS=DFLYT(NPTT)
TPRCT=IPRC(NPTT)
NT=DELTT(NPTTY/3600.0
TCT=ICT+1
VLTEM=SAVY3
CALL TSOTHM(XVeTX2e1060. »NP»SAVFIT)
SAVEIT=SAVEIT4+XLSTV
TF(SAVY3,.L.T,SAVFIT)SAVY3I=SAVFIT
IF(VLTEM.FQ,SAVY3)GO TO R™9
SAVX=Y
SAVY1=XLSTI
SAVY2=TX2 (NP)
CALL TSOTHM(XVeTX221460, NP »SAVYL)
RI TEM=SAVY4X
CALL TSOTHM(XVeTX291460, NPy WFKFFP)
WFKEEP=WEKEEP+XLSTV
TF(SAVYUX LT WEKEFP)GQAVYuX=WEKEFP
TF(BLTEM,FQ,5AVY4X)GO TO A38
SAVEXX=T
SAVYLIX=XLSTI
QAVY2X=TX?2 (NP}
CALL TSOTHM(XVeTX2s10R0. s MP»SAVYZX)
CONTINUE
IF{IPRCT=-1CT) 835,835,840
WRITE (60827} T.GCONX.QRADY;VFIXuxMDG(xNT).XMDF.XMnTrxLSTI.GHw
FORMAT(1HO»SHTIME=
1PF12 512X 12HQCONVFCTTIVE=»1PF12,.5,2Xe 1 1HORADTAT

11VE=,1PFE12,5 oDX'QHVFLOCITY-vlpEIZ 571X, 18HGAS ARLATION RATE=,1PF12

AUSHN
AYSTN

AuSHN
AY59N
A4hON
A46IN
AuG2N
AUG3IN
AuGUN
AUBKRN
Ab6sN
ALUGTO
ALGARN
ALU6ON
AL7O0
A4T7IN
A4T720
AYT73IN
AY47un
AYTHN
A4TEN
ALTTIN
A4TAN
A4T9IN
AuBON
AURLIN
AuB2N
AURZN
A4BuUN
AUBKN
AGBAN
AUBRTN
AuUREN
AURON
AuQQnN
ALOLN
AO92n
AUORN
A49un
AU9RN
AL9RN
A497n
AU9RN
A4990
AS000
aARO0IN
ABO2N
A5030
ASOun
ASOKN
ABOEN
AS0T7N
AS08N
AS09ON
ABI0N
AB1L0
AS120



8u0
841

98u2

98u3

8u2
845

850

860

862

864

865

900

905

2.512Xp19HCHAR ABLATION RATE=,1PF12.5:2X,20HTOTAL ABLATION RATF=Z,tP
3F12.5/1X116HRFCESSION DFPTHZ,1PF12.5¢2X 9 10HAHOT wALL=,1PF12,5)
T=T4DTS

TF(NPLOT.NE,1) GO TO R42 .
CALL SAVE (ASAVEL,ASAVF 29 AGAVFI UGFASNXA)XLSTTI DTSy TLIM T, VALUFA)
CALL SAVE(BSAVE1,RSAVF2,BSAVFZ,ISFBNXBy TX2(NP) DTSy TL IM, T, VALUFR)
CALL TSOTHM(XVsTX29 1060, sNPyY3)

CALL SAVE(CSAVE1,CSAVF2,CSAVF3I)USECINXCrY3oDTS» TLLIM» T, VALUEC)
CALL TSOTHM(XVeTX221460, NPyYU)

CALL SAVE (DSAVE1,NSAVF2,NSAVE3,USEDyNXD oYL DTS, TLIM, T, VALUED)
TF(USFANF,0,n)GO TO 98u2

1F(USFB,NF,.0,n)G0O TO 98u4»

TF(USFC.NF,0,n)G0 TO 9842

TF(USFD.NF.0,Nn)GO TO 98u2

GO TO 9843

XPLOT=T=DTS

YPLOT1=VALUEA

IF(USFANF.0,0)YPLOT1=USFA

YPLOT2=VALUER

JF(USFB.NF,0.n)YPLOT2zUSFR

YPLOT3=VALUEC

TF(USFCoNF.0,N) YPLOTA=USEC

YPLOTUZVALUFED

TF(USFD NF 0. N)YPLOT4=USED

WRITE (11)XPLOT»YPLOT1,YPI OT2,YPLOT3,YPLOTH

TF(ICTP.NF.0) GO TO Au2

T1CTP=1

XPLOT=T

YPLOT1=XLSTI

YPLOT2=TX2 (NP)

CALL TSOTHM(XVeTX2r1060.sNPyYPLOT3)

CALL TSOTHM(XVeTX29s1uR0,,NP»YPLOTH)

WwRITE (11)XPLOT,»YPLOT1,YPLOT2,YPLOT3,YPLOTH

IF(IPRCT=T1CT) B8u45,8u5,90n

WRITE(6,850) T

TPCT=TPCT+1

TF(IPCT.EQ.,2)TPCT=0

TF(IPCT.E0.0)ICTP=0

FORMAT (1HN» 7TOHTEMPERATURE DISTRIRUTION InN HFAT SHIELD AT YHF FND O
1F THE TIME STFPy, T= ,1PE12.5,1X»7HSECONDS//)

WRITE(6,860) ‘
EORMAT (4X,4OHTEMPFRATURE NISTRIRUTION IN THE ABLATING MATERIAL//)
KKVZKKV+1

WRPITE(69862) (TX2C(T1),I=1,KKV)

FORMAT(6Xy1PF12.,5+1P5F16,.5)

TJ=NP+1

WRITE(69864)

FORMAT(//uXs4OHTEMPERATURF DISTRTRUTION IN THF RACK=UP STRUCTURF//
1)

WRITE(6+862) (TX2(I),1=TJsNPF)

WRITE(6+865)

FORMAT(//)

1CT=0

CONT INUE

TF(T=TLIM) 75n»750+9n%

TF(NPLOT.NE,1) GO TO 909

XAVY3=SAVY3=SavVYi/1i2,

A5130
AS1u40

A5150
A5160
AS17N
A5180
A5190
A5200
AS210
A522n
AS23N
AS240
A5250
A526N
AS270
A5280
AS290
AS3a0n
A5310
AS320
A533n

ASR4N

AS350
AS360
AS370
A538n0
A5390
ASu0N
AS410
AS420
ABU30

- AS4u0

A5u50
ASuAN
ASu7N
A548n0
ASu9n
AS50n
AS510
AS520
A553n
AS55uN
A558n0
AS56N
ASS70
A5580
AS5590
AS60N
AS61N
AS562N0
AS63N
ASAUN
AS650
ASEAN
A5670
AS680
AS69N

25




56

9005

9006

929

909

911
910

920

924
926

930
9u0

XAVYUX=SAVYUX-SAVYLIX/12,
TF(SAVX.EQ.XPLOT)GO TO 9n0nS .
WRITE(11)SAVX,SAVY1,SAVY2,XAVY3)SAVYY
TF (SAVEXX .,EQ,XPLOT)GO TO 9006
SAVUI=SAVY4X%12,

GAV3I=SAVY3x12,
WRITE(11)SAVEXX»SAVY1X»SAVY2X,SAVY3IX, XAVYUX
WRITE(69929)GAV31,SAvul
FORMAT (1HO » 23HMAXIMUM 1040 ISOTHFRM =E16,.8,2X23HMAXIMUM 1460 TSOTH
1FRM =F16.R)

WwRITE (11)STOP+STOPysTOP,STOP,STOP

1F (LPLOT.NE.NCASE)YGO YO 911

DATA FND/&H FND /
WRITE(L1)FND,FND,END,FNM,END,ENN,END» END,FND» FND, END, FND
nUIIT=RAAHE,
WRITE(11)QUIT,QUIT»QUITyQUIT,QUIT

FND FILE 11

RFWINN 11

IF(TEST2) 910,930,930

no 920 JUK=1,NPF

TX1(JIKY=STEMDT (JUK)

TX2 (JJK) =TX1 (JJK)

TULL(K)=TXL(K)

TUL2(K)=TX1(K)

CONT INUE

tL=NP+1

NO 926 I=1»NMR

TLN=NPM(I)

NoO 92u J=1»ILLN

TX2T(Je D)=TEMNI(IL)

TL=IL+)

CONTINUE

CONT INVE

60 TO 9u4¢

CALL TEMPD

T=TINT

nX=DXX

NTYS=DFLTT (1)

NT=DELTT(1)/3+00.0

vl v=vel

60 7O 50

END

A5700
A5710
AST20
AS573n
A5760
AS750
A57u0
AST70
AS780
A579n
ASBO0N
AS810
ASA20
AS830
A5840
ASRSN
AS8aN
ASATN
ASBAN
A589N
AS900
A591n
A5920
A5930
ASOunN
A595n
AS9AN
A5970
A5980
A5990
A60N0
A601N
A6020
A6030
AGOUN
ABDK0
A6060
A6070
A6080
A6090
A6100
A61AN



SIBFT
c

c

10

20

C COEF
THIS SUBROUTINE DETERMINES THE COEFFICIENTS OF THE MATRIX
SUBROUTINE COEFF (NPFT,SDOT)

DIMENSION TITLE(12) HEADNG(12) »XIDNT(12¢12)»TKC(20) #XKC(20) ¢
1CPC{20) r TKV(20) + XKV{20) ¢ TCPV(20) +CPV(20) » TIME(300) »QCON(300) »
2QGRAD(300) o VEL (300) » XNPM(12) »NKPB(12) ¢+ NCPB(12) »TXK(20+12) »XK(20,12)
3+TCP(20012) »CPX(20012) yRHOBX(12) #XBM(12) yEMFB(12) »EMBB(12) tHXX(12)
4yGAPX(12) +FTEST(12) yBTEST(12) »TEMDI(200) »TX1(200) »TX2(200) ¢
5TX2T(10012),TUL1(200) »yTUL2(200) rHX(50) ¢ TW(50)»IR(50)»IR1(50)
6IR2(50)»TUL(50) r IEM(50) v TY(200) »A(200)8(200)C(200),D(200)¢
TR(50) yRHO(S0) +CP(S0) »DXB(12) +XKB(10,12)rCPB(10+12) ¢+ XMDG(50)»
8YK(50),AB(10,12)+BB(10,12),CB(10,12)+DB-(10¢12),SB(10,12)
9RB1(10,12)RB2(10+12) yH(12)¢S(50) /NPM(12)

DIMENSION TTUL(50) »RHOY1(50) +RHOY2(50)»DRHO(50) » TCPC(20)

COMMON TKC#XKCo TCPCrCPCrTKV 1 XKV TCPVeCPV o XNPM»RHOBX » XBMoEMBB »
LEMFB o NKPBNCPBr TXK e XK TCP e CPX e NPMeGAPX yFTESTBTEST e TEMDI» TX1
2TX2¢TX2T»TUL»TULL» TUL22IR»IR19IR2+AsBrCeD?S»ReABBB»CBrDB¢SB»
3RB1/RB2+ TY I RHOY1sRHOY2 ¢ XMDGrRHO»CP 2 YKo XKBrCPByDXB DT XLOST
4TABL» TCHAR» TREC»RHOV1RHOC ¢+ FBLOW 1 EMV ¢ EMC e H300 +NKC o NCPC o NKV¢NCPV,
SNP o NMB 1NPBS NPF o TEST2» TEMPI # TX0» TENV e HENV 1 FENV» QLOSS» TLIM» TINT

COMMON I1¢I12913+14915,16¢QIN»INT»DXeXMTeTLVL»BLDMP)ERRL/ERR2,
1ERR3ERRU »HY ¢ VPT» CHARK ¢+ CHARC» ABLK » ABLC » XMDC r H

CALL PROP

YNPZNP

SCINT) = (RHO (INT)*DX*CP (INT))/ (2, 0#DT)
RUINT)=(140)/((DX/240) % ((140/YK(INT) ) +(1,0/YK(INT+1))))
ACINT)=0,0

B(INT)=(=((XMDG LINT)+XMDC)*CP (INT)+S(INT)+R(INT)~RHO ( INT)*CP(INT)
1%(SDOT/ (2, 0% (YNP=1.0)))))

CUINT)=XMDG (INT+1)*CP (INT+1) +R(INT)+RHO (INT+1)*CP (INT+1)*SDOT
1% ((YNP=1,5)/(YNP=1.0))

DCINT)=(=(QIN+S(INT)*TX2(INT))) +(XMDG(INT)=XMDG(INT+1))*HV
NPP=NP-1

JNTZINT+1

DO 10 I=JNT,NPP

XI=1

S(I)=(RHO(I)*DX*CP(I1))/DT

RUIIZ(140)/ ((DX/(240%YK(I) ) ) +(DX/(2,0%YK(I+1))))

ACI)=R(I=-1)

B(I)=(=(XMDG(I)*CP (I)4R(I~1)4+R(I)+S(I)+ RHO(I)*CP(I)*SDOT*( (YNP=XI
1=045)/(YNP=1,0))))
C(I)=XMDG(I+1)%CP(I+1)+R{I)+RHO(I+1)*CP(I+1)*SDOT*( (YNP~XI=0,5)
17(YNP=1.0))

DUI)=(=(S(I)*TX2(I))) +{(XMDG(I)=XMDG(I+1))*HV

CONTINUE

RINP)=(1,0)/((DXB(1)  /(240%XKB(1¢1)))+(DXB(1) /(2,0%XKB(2¢1))))
S (NP)=(RHO (NP) *DX*CP (NP) +RHOBX (1) * CPB(1,1)*DXB(1))/(2,0%DT)
A(NP)=R(NP=1)

BINP)=(=(XMDG (NP)*CP (NP} +R (NP=1) +R (NP) +5 (NP) })

C(NP)=R(NP)

DINP)=(=S(NP)#TX2(NP)) +XMDG(NP)*HV

DO 200 I=1/NMB

IF(I=1) 20020,30

AB(1¢1)=A(NP)

BB(1¢I)=B(NP)

CB(1+1)=C(NP)

DB(1¢I)=D(NP)

B000O
80010
B0020
B0030
BO040
80050
B0060
B0070
B0080
B0090
B0100
B0110
80120
B0130
80140
B0150
B0160
B0170
B0180
B0190
B0200
B0210
B0220
B0230
BO240
B0250
80260
B0270
B0280
B0290
BO300
B0310
B0320
B0330
BO340
BO350
BO360
B0370
B0380
80390
BO40O
BO410
BO420
BO430
BO440
BOY50
BO460
BO470
BO480
BO490
B0500
B0510
80520
B0530
BO540
80550
80560
80570
B0580
B0590

57




58

30
40

45
50

55
60

65

100
110
115

120
125

127
130

200

GO TO 65

L=ENPM(1I~-1)

IF(FTEST(IY) 45,40045
SB(1eI)=(RHOBX(I)*CPB(1,1)*DXB(I)+RHOBX(I=1)*CPB(L¢I=1)%xDXB(I=1))/
1(2.0%DT)
RBL(1,1)=(1,0)/7((DXB(I=1)/(2,04XKB(LeI=1)))}+(DXB{I=1)/(2,0%XKB(L=1
1.1I=1))))
RB2(1+,I)=(1,0)/((DXB(I)/(2.0%XKB(1¢I))}+(DXB(I)/(2,0%XKB(221))))
AB(1,1)=RB1(1,1)

BB(1rI)=(=(RB1(1»I)+RB2(1/,I)+SB(1+I1)))

CB(1r,I)=RB2(1,1I)

DB(1rI)=(=(SB(1eI)*TX2T(1,1)))

GO0 TO &5

IF(FTEST(1)) 50+40¢55

6=(1.73E=-09)/(1.0/EMBB(I~1)+1,0/EMFB(1)=1,0)

GO TO 60

G=0.,0

SB(1+I)=(RHOBX(I)*CPB(1+»I)*DXB(I))/(2,0%DT)
RB2(1,I)=(1,0)/7((DXB(I)/(20%XKB(101)))+(DXB(Y1)/(2,0%xXKB(2¢1I))))
AB(LeI)=H(I=1)+4,0%Gkx(TX2T(LeI=1)%%x3)
BB(LoI)={=(H(I=1)+4,0%Gkx(TX2T(1»I )*%x3)+RB2(1,1)4SB(1,1)))
CB(1rI)=RB2(1,1)’

DBlLlrI)=3+0%xGk ((TX2T(L o I=1)%%4)=(TX2T (1o I)*%x4))=SB{1,I)2TX2T(1,1)
LF=NPM(I) =1

DO 100 J=2r¢LF

SB(JrI)=(RHOBX(I)*CPB(JrI)*DXB(1))/DT
RB1(JrI)=(1,0)/7((DXB(I)/(2¢0%xXKB(J=1+1)))+(DXB(I)/(2,0%XKB(Je1))))
RB2(Js1)=(1,0)/((DXB(I)/(20%xXKB(J#+1¢1)))+(DXB(1)/(2,0%XKB(Jr1))))
AB(JrI)=RB1(J, 1)

BB(UrIN=(=(RB1(Jr I)+RB2(Jr I)+SB(Js 1))

CB(JrINI=RB2(Jr 1)

DBlUr I)=(=(SB(Jr I)*TX2T(Js1)))

CONTINUE

IF(1-NMB) 110,250+250

LNF=NPM(I)

IF(BTEST(I)) 120,115,120

SB(LNF ¢ I)=(RHOBX(I)*CPB(LNF»I)*DXB(I)+RHOBX(I+1)*CPB(1+I+1)%DXB(I+
11))/{(2.0%DT)
R?}(%NF?I)=(1.0)/((DXB(I)/(ZcO*XKB(LNF-I'I)))+(DXB(I)/(2.0*XKB(LNF
1:1))))

RB2(LNF¢I)=(1,0)/7((DXB(I+1)/(2,0%XKB(1»1+1)))+(DXB(I+1)/
1(2.0%XKB(2,1+1))))

AB(LNF+I1)=RBL{LNF+I)

BB(LNF ¢ I)=(=(RBL1(LNF,I)+RB2(LNF+I)+SB(LNF»1}))
CB(LNF»I)=RB2(LNFrI)

DB(LNF e I)=(=(SB(LNF»I)*TX2T(LNF»I)})

GO TO 200

IF(BTEST(I)) 125¢115.127
6=(1,73E=09)/(1.0/EMBB(I)+1.,0/EMFB(I+1)=1,0)

GO TO 130

6=0,0

SB(LNF»I)=(RHOBX(I)*CPB(LNF,I)*DXB(I))/(2.0%DT)
RB}(%NF'I)=(1.0)/((DXB(I)/(2.0*XKB(LNF-1vI)))+(DXB(I)/(2.0*XKB(LNF
LyIN)

AB(LNF,»I)=RBL(LNF,I)
BBILNFoI)=(=(RBL(LNFoI)+H(I)+SBILNFrI)+4,0%Gx(TX2T(LNFoI)%x%3)))
CBILNF+I)ZH(L)+4,0%Gx (TX2T(1rI+1)%%3)
DBILNFoI)=3¢0%Gx((TX2T(LrI+1)x*k4)=(TX2T(LNF»I)*%l4))=SBILNFrI)*TX2T
1(LNF.I)

CONTINUE

B0600
B0610
B0620
B0630
B0640
B0650
B0660
B0670
B0680
B0690
B0O700
B0710
B0720
B0O730
BO740
B0O750
B0760
BO770
B0780
B0790
80800
B0810
80820
B0830
80840
B0850
B0860
B0870
B088O
B0890
B0900
B0910
80920
$0930
BOS40
B0950
B0960
B0970
B0S80
80990
B1000
81010
B1020
B1030
B1040
81050
B1060
B1070
81080
81090
B1100
B1110
81120
B1130
B1140
B1150
B1160
81170
B1180
81190




el

250 MN=NPM(NMB)
IF(QLOSS) 270,2600270 )
260 SB(MN,NMB)=(RHOBX (NMB)*CPB (MN,NMB)*DXB (NMB))/(2.0%*DT)
RBL(MN'NMB)=(1,0)/((DXB{(NMB)/(2.%XKB(MN=1+NMB)))+(DXB(NMB)/(2,0%XK
1B(MN/NMB) ) ) )
AB (MNsNMB)=RB1 (MN»NMB)
BB(MN,NMB)=(=(RB1(MNs»NMB) +SB(MN»NMB) ) )
CB(MN'NMB)=0,0
DB(MNNMB) = (= (SB{MN,NMB)*TX2T (MNsNNB) ) )
GO TO 280
270 SB(MNyNMB)=(RHOBX (NMB) *CPB (MN»NMB) *DXB(NMB) ) /(2. 0%DT)
RBLI(MN/NMBI=(1.0)/7((DXBINMB) /(2. 0%xXKB(MN=1rNMB)) )+(DXB(NMB)/(2,0%X
1KB(MNyNMB) }) )
AB (MN»NMB)=RB1 (MN+sNMB)
BB{MNyNMB) =(=(RB1 (MNsNMB) +HENV+ (14 73E=09) *FENV*4 , 0% (TX2T (MN»NMB ) %%
13)+SB(MN/NMB) ) )
CBMN NMB)=0.0
DB {MN s NMB) = (= (HENV*TENV4+FENV* (1, 73E~09) * { (TENV**4)4+3,0* (TX2T (MN+NM
18) kx4) ) +SB(MNsNMB) *TX2T(MN2NMB)) )
280 L=NP+1
DO 300 I=1.NMB
K=NPM (1)
IF(1.EQ.1) GO TO 282
IF (GAPX(I=1) .EQe0+) GO TO 282
KT=1
GO TO 285
282 KT=2
285 DO 290 J=KT\K
AlL)=AB(JrI)
B(L)=BB(J»1)
cLi=¢cplur 1)
D(LI=pB(J,I)
IF(DMP) 289/,2891286
286 WRITE(60:287) AB(J 1) vBB(Je D) v CE(Jr 1) v DBIJr L) v Je ToALL) wB(L) e C(L) 2D
iL) e
287 FORMAT(1HOs8HAB(JUrI)=91PE12.592XeBHBB(Jr I} =9 1PE124592Xe8HCB(J»I) =y
11PE12.5¢2X28HDB(Jr 1) =y 1PEL12¢502Xe2HU=013,2X22HI=»I13/1X»SHA(L) =, 1PE
21251 2Xe5HB(L)=21PE12,5¢2X¢SHC(L) =2 1PE12,.5¢2X»SHD (L) =9 1PE124502X0 2
AHL=,13)
289 L=L+1
290 CONTINUE
300 CONTINUE
NPFT=L=-1
RETURN
END

81200
B1210
B1220
B1230
B1240
B1250

‘B1260

B1270
B1280
B1290
B1300
B1310
B1320
B1330
B1340
B1350
B1360
B1370
B1380
81390
B1400
B1410
B1420
B1430
B1440
B1450
B1460
B1470
B1480
B1490
B1500
B1510
B1520
B1530
B1540
B1550
B1560
B1570
B1580
B1590
B1600
B1610
B1620
B1630
B1640

59
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C
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IBFTC PRP

THIS SUBROUTTNE DFTFRMINFS THF PHYSICAL PROPERTIFS OF THF
HEAT SHTELD STRUCT(IRE
SUBROUTINF PROP

DIMENSION TITLE(12) pHFADNG(12)»XTIDNT(12,12) 2 TKC(20) ¢ XKC(20)»
1CPCI20) » TKVI20) o XKV (2N) » TOPV(20),CPV(20), TIME(300) »QCON(3N0)Y,
20RAD(300) o VEL (300) » XNPM({12) s NKPR(12),NCPR(12)»TXK(20,12) ,XK(20n¢12)
3,TCP(209212)oCPX(20,12) s RHABX(12),XBM(12) ,FMFR(12)»EMRR(12) ,HXX(12)
B,GAPX(12) oFTFRT(12) v RATEST(12), TEMDI(200) , TX1(200),TX2(200)
STX2T(10+12)»THHLI(200), TUIL.2(200) v HX(K0) » TWIS0), IR(S0), TR (50),
BIR2(EN) » TULISN) y IEMIRA) ,TY(200) 2 A(200)»R(200),C(200),N(20N)
TRI50) pRHO(S50) yCP(50) NXP (12) o XKB(10+12) 9 CPB(10,12) s XMNG(K0) »
BYK(50)oAH(10,12),BB{1n,12),CRI10,12),DB(10+,12},SR{10,12),
GRR1(1N912)9)RR2(10,12) ,H(12) S (50 NPM(12)

NTMENSION TTUL(S0) »RHOY1(R0) sRHOY2(50) +DRHO(EN) »TCPC(20)

COMMON TKC o XKC 2 TCPCoCPC s TKV e XKV TCPV,y CPV, XNPM,, RHORX » XRM FMBR
1FMFR Y NKPB s NCPRy TXK s XKy TCP s CPX Z,NPMe GAPX o FTESTyRTESCT» TEMDT , TX 1
2TX2 e TX2T»TULTULL» TUL 2 TRV IR1,IR29AsByCoD9SeRAR,RByCRIDR SR,
3RRLyRR2y TYIRHAYL,RHOY2 ) XMNGyRHO y CP 2 YK » XKRy CPB,DXR»DT, XL.OST,
UTABL s TCHAR» TRFCoyRHOV ,RHOC »FBLOWsFMVyEMCyHRI00 s NKC,NCPC s NKVyNCPV,
BNP s NMRyNPRS ¢y NPF s TESTo, TEMPI o TX0 » TENVy HENVFENV» QL OSS, TLIMy TINT

COMMON T1,12,130T4801I5,JA,QIN,INT.DXeXMTyTLoVL»BL,DMP,FRR{,ERRD,
1FRR3¢FRRU yHV , VPT , CHARK y CHARC » ABLK ¢ ABLC o XMDC o H

KINT=TNT

DO 170 I=KINT,NP

IF(IR(IY) 12,12+100
TUL(I)SAMAXL(TX1(T)pTX2(7TY)
TF(TUL(TI) ., LE,TARL) GO TO 20

TR(I)=1

<0 TO 100

TF{I1=1" 25,2 221

TF{T1=aNKV) 2,122,25

TFITX2(1)=TKV(11)) 35,55,30

WRITE(6r26) TX2(I)

FORMAT (1HN,B7H THF RANGF OF ONE OF THF ARLATION PROPERTY CURVF FTT
1< wWAS EXCEEDED AT A TFMPFRATURE OF »1PE12.5)
FRR2=1,0

60 YO 355

T1=I1+1

G0 TO 21

TF(TX2(1)=TKV(I1=1)) 40/,55:50

11=11-1

0 YO 20

YK{I)=XKV{T1at )+ ((XKV(I1)=XKV{I1=1))/ITKV(I1)=TKY(I1=a1)}))
1(TX2(I)=TKV(T1-1)) '
0 TO 60

YK(T)=XKV(I})

TF(12=1) 25,2561

TF(I2=NCPV) 62¢62,25

TFITX2(1)=TCPV(I2)) 70eR5,65

12=12+41

GO TO 61

TF(TX2(1)=TCPV(I2=1)) 75,R5+80

12z12«1 )

cooon
congn
coo2n
coosn
cooun
c00sn
co0a0
coo7n
co0AN
congn
colon
co11n
c012n
¢0130
co1un
co18n
¢01s0
co170
c018n
co19n
co2an
co21n0
¢c022n
co23n
co2un
0250
¢026n
€c0270
co2an
c029n
¢0300
co31n
co32n
c0330
Co3un
0350
c0360
c0370
c03a0
c0390
counn’
couln
cou2n
couln
coLun
cousn
cousn
cou7n
cougon
cou9n
coson
cos1n
cosan
cos3n
cosun
c0550
co0Sen



OO0

G0 TO 60
B0 CP(I)=CPV(I2=1)+((CPV(I2)=CPV(I2~1))/(TCPV(I2)=TCPV(I2~1)))

12(TX2(1)=TCPV(I2-1))
G0 TO 90
85 cP(1)=CPv(12)
90 rRMO(I)=RHOV
GO TO 170
100 TUL(IYSAMAXI(TUL(TI),TX2(T))
TF(TUL(T)=TCHAR) 110,110,115
110 RHO(IY=RHOV+ (RHOV=RHOC)* ((TUL(1)=TABL)/(TABL=TCHAR))
YK (1) =CHARK+ (ABLK=CHARK) % { {RHO(I)=RHOC) /7 (RHOV=RHANC))
CP(I)=CHARC+ (ABLC=CHARC) % { (RHO(I)=RHOC) / (RHOV=-RHOC) )
G0 TO 170
115 1F(VPT) 116,116,117
116 TTUL(I)=TUL(T)
G0 TO 120
117 TTUL(T)=TX2(I)
120 YF(I3=1) 25,928,121
121 1F(13=NKC) 122:122+25
122 tF(TTUL (D) =TKC(I3)) 124,135,123
123 13213+
60 YO 121
124 FF(TTUL(I)=TKC(I3=1)) 125,135,13n
125 13z13-1
¢0 TO 120
130 YK(I)=XKC(IB=1)+((XKC(I3)=XKC(IZ=1))/(TKC(IZ)=TKC(I3=1)))
1x(TYUL(I)=TKC(I3=1))
GO TO 149
135 YK(I)=XKC(I3)
140 TF(I4=1) 25,255,141
141 TF(I4=NCPC) 182,142925
142 TF(TTUL(IY=TCPC(IL))Y 150,165,145
1u5 tu=I4+1
GO TO 141
150 TF(TTUL(I)=TCPC(I4=1)) 1550165140
155 Juzl4w-1
GO TO 1490
160 cP(I)=CPCUIL=1)+((CPCIIL)=CPCIIL~1))/(TCPC(TU)=TCPC(Tu=1)))
1x(TTUL(I)=TCPC(Tu=1))
60 TO 166
165 cP(1)=CPC(14)
166 RHO(IV=RHOC
170 CONTINUE

NFTERMINATION OF PROPFR RACKeUP GHIFLD MATERIAL PROPERTY

NO 300 I=1.NMR
NXB(II=XBM(T) 7((XNPM(T)e=1,0)%x12,0)
LKP=NKPB(1)
LCPENCPB(Y)
NN=NPM(T)
NO 280 J=1,Nn
200 (F(15«1) 203,203,201
201 1F(I5=-LKP) 202¢202+203
202 TF(TX2T(UrI)=TXK(1I591)) 206902209205
203 WRITE(6s204) TeTX2T(Jo 1)
204 FORMAT(1HO0»32H THF RANGE OF ONE OF THF NIMBFR +12971H BACKUP STRIIC

0570
cosan
cos9n
co600
coé1n
c062n
c0630
co6un
co650
c0660
co67n
co6an
c069n
coron
co710
c072n
coran
co?un
(o1 4 1))
co7en
co770
ca7an
c0790
coson
coan
coa2n
coRAN
co8un
coasn
c08a0
COR7N
co88n
coA9n
co90n
¢0910
€c092n
€¢093n
c09un
¢09sn
096N
co97n
c09an
co99n
c1ann
cinin
c1020
c103n
cioun
c108n
cioen
cio7n
ci0an
c1090
c11o00
ci110
cli2n
ci113n

61




62

2n5

206
210

215
220
230
231
232
233

234
235

2u0

2u5
280

300
310
320
330
335
3u0
3u5

3u?

3u8

3u9
350
355

;THRE PROPFRTY CURVE FITS wWAS FXCFFDED AT A TEMPFRATURF OF »1PF12.5
)

FRR2=1,.0

G0 TO 355

TRz15+1

G0 TO 201

TRF(TX2T Uy [N aTXK(IS=1»1)) 210,220n»215

18z16=1

60 TO 200

XKBlJp IISXK(IR=1, I)+( (XK (TS I)=XK(IS=1,I))/(TYK(TS+ 1) =TXK(IS=1,T))
1) (TXOT(Up IV =TXK(I5=1,1))

G0 TO 230

XKB(JpI)=XK{IR, 1)

1F(16=1) 203,203,231

1IF(Y6=LCP) 232,232+203

TF(TX2T U I)=TCP(T69T)) 234,245,533

T6EzI6+1

60 TO 231

TF(TX2T(Je I)=TCP(16=1,1)) 235,24K8,240

16=16=1

60 TO 230

CPB(J,I)=CPX(T6=1, I)+((CPY(I6.I)-CPX(16~1oI))/(TCP(I6vI)-TCP(T6-1o
1)) R (TX2T(S, V) =TCP(16=1,T))

GO YO 289

CPB(J,1)=CPX(16¢1)

CONT INUF

1h=2

16=2

CONT INUF

TF(DMP) 3559355,320

WRITE(6¢330)

FORMAT(/1X»32H PROPFRTIFS OF ABLATION MATFRIAL/)

WRITE(60¢335)

FORMAT (/5XsSHYK(I) 29Xy SHCP(T) »9X,6HRHO(Y) /)

WRITE(6+380) (YK(T)eCP(I) RHO(I),I=1,NP)

FORMAT(2X»1PF12,502X+ 1PF12.5:2Xs1PELY2.5)

WRITE (69 3U45)

FORMAT(//71Xs32H PROPERTIFS OF BACK=UP STRUCTLURE/)

WRITE(6930u7)

FORMAT (/5X s BHYKR(J» 1) p 7XRHCPR(J, 1) o 7Y 9 BHRHOBX (T) » 7X, THFMFB (1) 4 BX
17HEMBR{ 1) »9X,rHDXR (1) /)

NO 350 1=1/NMmR

KL =NPM{Y)

NO 349 Jz1eKL

WRITE(6,3u8) XKR(Jr1),CPR{JIT) yRHOBX(T)pFMFR(T)+FMBR(T)NXB(T)
FORMAT (3X 9 1PF12,5¢3X, 1PE12.5¢2X e 1PE12,.593X0 1PF12,5,3X,1PF12,.5,3%,1
1PF12.5)

CONTINUE

CONTINUE

RETURNM

FND

cilan
c1150

clien
C117n
c1180
¢1190
c1200n
ci210
¢122n
ci1230
ci2un
€125n
cl26n
ci27n
c1280
€129n
¢1300
c13in
c132n
¢133n
c13un
c135n
C1360
C137n
c13an
c139n
clao0n
ciu1n
cia2n
cLu3n
ciaun
clusn
cluen
ciu7n
cirugn
clugn
c1500
ci510
ci520
c153n
c1540
C1550.
ci560
c157n
c158n
c159n
c1600

. C161n

ci62n
c163n0
cléan
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THIS SUBROUTIMNE DETERMINFS THF MASS FLOW RATF FRoM THF
ABLATING NONDES
SUBROUTINF ABL ATF

DTIMENSION TITLE(12) sHFADNG(12) o XTDONT(12,12)9TKC(20) o XKCI2N),
16PCL20) » TKV(20) o XKV {20) » TCPV(20),CPV(20), TIME(300) »QCON(3N0Y,
20RAD(300) ¢ VEL(300) s XNPM{12) o NKPR{12)yNCPR112),TXK(20,12),XK(20y12)
3,TCP(20012)/CPX{20+12) RHOBX(12),XBM(12),FMFB(12) +EMBR(12) HXX(12)
4,GAPX(12) yFTFST(12) yRTEST(12),TEMDI(200),TX1(200)»TX2(200)
STX2Y(100¢12)»TUILA(200) , TUL2(200) yHX(50) » TW(50),IR(50), TR1(50),
6TR2(5N) e TULISN) » IEM(SN) » TY(200)0A(200),B(200),CL200),n(200),
TR(50)} »RHO(S50) yCP(50) ,DXP(12)»XKB(10+12)sCPB(1N0912) s XMNG(50)
BYK(50),AB(10,12),BB(10,12),CR(10,12),DB(10+,12),SR(10,12),
9RR1(10,12)9RB2(10,12),H{12)9S(50),NPM(12)

NIMENSION TTUL (50)¢RHOY1(R0),RHOY2(58) »DRHO(SN) »TCPC(20)

COMMON TKCoXKCr TCPCoCPC, TKV XKV s TCPV s CPV, XNPM,RHORX s XRMy FMBR,
1EMFB e NKPE yNCPRy TXK o XKy TCP s CPX ¢y NPM e GAPXsFTESTIRTEST» TEMDYI, TX1,
2TX2»TX2T o TUL,, TULL» TUL2¢ TRy IR1,IR2+AsB4CoNeSeRrAR,RByCRyDRBs» SR,
ARPLyRR2yTYsRHNY1,RHOY2 ) XMNGyRHO»CP o YKy XKRyCPB,DXRDT, XLOST,
UTABL y TCHAR» TRFCoRHOV,RHOC »FRLOW s FMVyEMCyHR0D s NKC,NCPC,NKy»NCPV»
SNP s NMR ) NIPBRS»NPF )y TESTO TEMPI o TXO0 e TENV ) HENYV s FENV» QLOSS, TLIM, TINT

COMMON T1+sI2,739T4s15,16,0IN, INT, DXeXMT»TLoVLBL,DMP,FRR1ERRD
LtFRR3,FRRU yHV,VPT,CHARK s CHARC,» ABLK » ABLCy XMNC o+ H

XMT=0,0

LINT=TNT

K I=NP

TF(DMP) Wy8¢3

WRITE(6¢5)

FORMAT (//1X+29HMASS FLOW FROM AR_ATING NODES//)
NO 200 KKISLINT,NP

TFOIR1(KI)) 11e11,12
TF(TX1(KIY.LE,TABL) 60 To 9
TULT(KII=AMAXT(TULL(KT) s TYL(KY))
TRI(KT)=1

GO0 TO 20

TF(TX1(K{)=TARL) 10s10s20
RHOY1{(KT)=RHOV

G0 TO 50

TF(TULL(KT)=TCHAR) 40,330,730
RHOY1 (K1) =RHoC

GO YO 50

RHOY1 (KT )=RHOV+ (RHOV=RHOC)I* ( (TULt (KT)=TARL )/ (TAR| =TCHAR))
TFLIR2(KI)) 52,52,54
TF(TX2(KIY.LE.TABL) sO To 56
TUL2(KI)=AMAXT (TUL2(KTI) ,TX2(KT))
IR2(KT)=1

60 TO 70

TFITX2(KI)=TARL) 60sa0,7n

RHOY2 (K1) =RHoV

&0 TO 95

TF(TUL2(KT)=TCHAR) 9n,80,R0
RHOY2 (K1) =RHOC

60 T0 95

RHOY2 (KT )=RHOV4 (RHOVLRHOC)I* ( (TUL2 (K1) =TARL } /{TAR_=TCHAR))

nooon
nooin
noo2n
noo3n
neoun
NOOSsN
nooGsn
noo7n
nooan
nooan
poton
noiin
noian

no13n

notun
noison
no1an

no170.

no1an
D019
no200
no21n
no220
no23n
no24n
no2sn
n026n
no270
no2an
no29n
Do300n
no31n
no3an
no33n
No34n
no3sn
No3en
no37n
no3an
no39n
NOLON
nos1n
nou2n
nou3n
notun
nousn
nouen
now7n
nouan
nosgn
nosnn
nos1n
nos2n
nos3n
noSun
NOS5N
no5eN

63




95 PRHO(KIIZ((RHOY1(KIVRHOY2(KIY)/NT)*DX

TF(KI=NP) 97,96/,96
96 DRHO(KIY=DRHO(KI)/2.n

60 TO 98
97 1F(KI=-INT) 96,96,98
98 IF(DRHO(KT)}) 110,120,120
110 PRHO(KIYI=0.0
120 xMT=XMT+ORHO(KI)

XMDG(KI)=XMT

TF(DMP) 190,190,150
150 wRITE(6+160) XMDG(KI),DRHO(KI))RHOY2(KI),RHOY1 (KT)
160 FORMAT(1X,SHXMDG=»1PE12,5/92X,SHDRHOZ, 1PF12.5,2X)6HRHOY22, 1PF12.5,2

1x»6HRHOY1=y1PF12,5)
190 xI=KIwl
200 CONTINUE

RFTURN

FND

nos7n
nosan

no590
no6an
N0610
no62n
No63n
DOGLN
NO650
N0660
No67n
NO6AN
D069
no7o0
no710
no72n
n0730




$
C
c
c
c
c

IBFTC OXID

THIS SURROUTINE CALCIN.ATFS THF HFATING RATE DUE TO COMBUSTION
IT 1S ASSUMED THAT OXYGEN AND CARRON REACT TO FORM CO ONLY,

SUBROUTINE OXTDAT (XMDO»QOXID)

QAOXID=XMDO*UnN0,n/3600,0
A0X10=0,0

RFTURN

FND

F0000
FOO01n
F002n
F0030
FoouN
FOOSN
F0060
F0070
F0080
F0090
FO0100
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$IBFTC
c

c

in0

200

250
260

270

275
300

SWUFT
THIS SUBROUTINE DETERMINFS THF FORWARD TTME STEP TEMPFRATURES

RY SOLVING THE TRI=DIAGONAL MATRIX
SUBROUTINE SWUFT(A»R,CeD, TN, NMP}

NIMENSION A(200),B(20N)sC(200),D(200)sT(200),CP(200),PP(200)
CP(1)=C(1)/B(1)}

NP(1)=D(1)/B(1)

no 100 1=2/,N

CP(I)I=CII)/Z(BII)=A(I)%CP(1=1))

PP =(D(Y)=A(I)ANP(1=1)) /(B(T)=A(I)%CP(T=1))
CONT INUE

TI(N)=DP(N)

NM1=N=1

PO 200 J=1NMmy

T=N=J

T(OI=NP(IV=CPIII%T(T41)

CONT INUF

TIF(DMP) 300,300,250

WRITE(6+260)

FORMAT(//1Xs43HCOFFFICIFNTS CALCIULATED By SUBROUTINF SWUFT//)
WRITE(6,270)
FORMAT(6XoSHCP (1) 510X, 5HNP (XY 410X 2 4HT(I) /)
WRITE(69275) (CP(Y)onP(X)»T(I)sI=1N)

FORMAT (2X s 1PE12.5¢2X,1PF12,5.,2Xs1PE12,5)
RFTURN

FND

FOo000
Foo1n

Foo20
FOoO3n
Fooun
FOoOsN
FDOAD
F0070
Foosn
FO09n
Fo10n
Fo110

‘Fo12n

FD13n
FO140
FO18n
FO1mN
FO170
FO18n
Fo19n

FO200
F0210
F0220
F023n
FO24n
F0250



%
C
c
c
C

IBFTC REC

10

20
21
22
25
26

30

X2
34

36

40
50

52
54
60

THIS SUBROUTINE DETERMINES THF FRONT FACF LOCATION ANN CHAR MASS
RFMOVAL RATE

SUBROUTINE RFCESS(XMNC X1 0STeTRECsDToRHOC» TS» SR TX29/NREC ,NRS,FRRR
1<X09SNOTy DMP)

DIMENSION TS(%0),SR(s0)
IF(TX2=TRFC) 10+20¢20

XMDC=n,0

XLOST=0,0

ShOT=0,0

c0 TO 60

1F(NRS=1)25,25¢21

TF (NRS=NRFC) 22922¢25
TF(TX2=TS(NRS)Y) 32,40, 30
WwRITE(6¢26) TX2

FORMAT (1H0»75H THE RANGF OF THE QURFACE RFCESSION TABLE wWAS EXCEFD
1FD AT A TFMPERATURE OF »1PEI2,5)
FPRS5=1,0

G0 TO 60

NRS=NRS+1

60 TO 21

TF(TX2=TS(NRS=1}) 34,u0,36
NRS=NRS=1

GO0 TO 20

SXZSR(NRS=1) 4 ( (SRINRG)=SR (NRSw1))/(TS(NRG)=TS(NRG=1))})
1% (TX2=TS(NRS=1})

G0 TO 50

SX=SR (NRS)

XL 0ST=300,0%sX*DT

XMDC= (XLOST*RHOC) /DT
sNOT=SX*300,0

IF(DMP) 60¢60,52

WRITE(625L) SYXeXLOST,XMNC

FORMAT (1HO » IHSXZy 1PE12.5,3X 2 6HXLOSTZ 1PE12.5,3Xs SHXMDC=» 1PE12,5)
RFTURN

FND

cooan
Go001n
6002n
G0030n
Go0un
GOOSn
60060
60070
60080
60090
¢o10n
6011nN
60120
G013n
GO0
60150
GO16n
6oL17n
G018n
60190
60200
60210
Go22n
60230
G0240
602580
G026N
60270
60280
60290
60300
Go31n
60320
G033n
603un
GO350
60360
60370
G038n

67




68

$
C
c
c

1BFT

C TEMP
THIS SUBROUTINE DETERMINFS THF INITIAL TFMPERATURE DISTRIRUTINN

IN THE HEAT SHIFLD STRUCTURE
SUBROUTINE TEMPD

DIMENSION TITLE(12) +HEADNG(12),XIDNT(12,12) s TKC(20) 9 XKC(20),
1CPCL20) o TKV(2N0) 9 XKV (20} s TCPV(20),CPV{20), TIME(300) ¢+ GCON(300) »
20RAD(300) » VEL(300) »XNPM{12) s NKPB(12) yNCPRB(12),TXK(20,12) ,XK(20,12)

"BeTCP(20012)oCPX(20012) s RHOBX(12),XBM(12),EMFB(12)¢+EMBR(12),HXX(12)

100

150

155
160

200

220

4,6APX(12)FTESTI12) ¢RTEST(12),TEMDI(200),TX1(200),TX2(200),
STX2T(10,12) e TULL(200), TUL2{200) »HX(50) » TW(50), IR(50),IR1(50),
6TR2(5N) » TUL(SN) » TEM(SN) , TY(200),A(200),B(200),C(200),D(200M),
TR(50) »RHO(50) 4, CP(50),DXR(12) ¢ XKB(10+12),CPB(10/+12)»XMDG(50)»
BYK(50),AB(10,12),RB{1n,12),CR(10,12),DB(10,12),5SR(10,12),
OREBL(1NN12)+RR2(10+12),H(12),5(50) ) NPM(12)

DIMENSION TTUL (50) +RHOY1(50) +RHOY2(50) ¢DRHO(50)»TCPC(20)

COMMON TKC o XKC o TCPCrCPC, TKV XKV TCPVyCPV, XNPM, RHOBX» XRM,EMBR,
1FMFByNKPB s NCPRy TXK ¢ XK s TCP s CPX yNPMy GAPX s FTEST»RTEST» TEMDT, TX1,
2TX29TX2TyTUL,TUL1»TUL2) IRy IR1,IR2+AvB4CsDeSsR,AB,BB/CRyDBySB,
3RA1IRR2) TY I RHOYL1yRHOY2 s XMPNGRHO s CP o YKy XKR ¢ CPB,DXR o DT, XLOST s
UTABL o TCHAR» TRFC e RHOV ,RHOC » FBLOW» FMV ¢ EMC s H300 s NKC,NCPC 4 NKv e NCPV)
ENP s NMR yNPRS ¢NPF ¢ TEST2, TEMPI s TX0 s TENVIHENV o FENV, QL OSS,» TLIM» TINT

COMMON Y1912, 13+s14015,16,0IN,INT,DXoXMTsTL VL BL,NMP,FRR{,ERR?,
1FRR3,ERRY »HV , VPTy CHARK ¢ CHARC ¢ ABLK ¢ ABLC ¢ XMDC o H

X=0,0
TF(TEST2) 30n,100+20n0
NO 150 L=1NPF
TX1(L)=TEMP]
TX2(L)YSTEMP]
TULL(LY=TX1 (L)
TUL2(L)=TX2(L)
TEMDI(L)=TEMPY
CONTINUE

NO 160 I=1:NMRA
JN=NPM(T)

Nno 155 Mz=1+JN
TX2T (M, 1) =TEMPI
CONTINUE
CONTINUE

G0 TO 320

nNO 220 L=1+NP
TEMDI(LI=TXO0+ ¢ (TENV=TX0) /TL ) %xx%X
TXL(L)=TEMDI (L)
TX2(L)=TXL (L)
TULL(L)=TX1 (L)Y
TUL2(L)=TX1 (L)
X=X+DX
CONTINVUE

L=NP+1

no 270 1=1sNMR
KJ=NPM(Y)

DO 250 Jz=1+Ky
TEMDI(L)I=TXO0+( (TENV=TX0) /TL )} %nX
TXL(LY=STEMDI (L)
TX2(L)=TEMDI (L)

HOO000
HOO10

HOO20
H0030
HOOUN
HO050
H0060
HOO0710
HOO0AN
HO090
H0100
HO110
HO120
HO130
HO140
HO150
H0160
HO170
HO180
HO190
HO200
HO210
HO220
HO230
HO2u0
H0250
HO260
HO270
Ho28N
HO29n
HO300
HO310
HO320
HO330
HO34N
HO3%N
HO360
HO370
HO380
H0390
HOU 0N
HO410
HOU20
HOL 3N
MOGLN
HOUS50
HOU &N
HOU70
HOURN
HOU90
HO500
MO510
H0520
H0530
HOS540
HOS5N
HOS6N



C
c

TX2T(Jr 1)=TEMDI(L)
X=X+DX¥XB (1)
=L+l
250 CONTINUF
X=X+{GAPX(I)/12,0)
270 CONTINUE
G0 TO 321
AN ARRRITARY TEMPERATURF NISTRIRITION CAN BF REAP IN FROM INPUT
NDATA IF TEST2 IS A NFGATTIVE NUMRFR
300 WwRITE(6+310)
310 FORMAT{1HN»79H THF VALUE 0OF TEST2 WAS NFGATIVF, SUBROUTINF TEMPD S
1HOULD NOT HAVF BEFN CALLFR,)
FRR1=1,0
320 RETURN
FND

HOS70
HOKAN

H0590
HO60N
HO61N
H0620
H0630
HOGUN
HO65N
HO660
HD67N
HO68N
HO69N
HOo700
HO710

69




70

$IBFTC NON2
C THIS SURROUTINE DFTERMINFS THF TEMPERATURF OF POINTS A FIXED
C DISTANCE FROM A RFFERFNCF PLANE FROM THE TEMPFRATURES CALCULATED
C TN A VARYING THICKNEgS
(o
SHBROUTINFE DAM2 (XLOST,) XARRAY , TARRAY o NA ¢y XNODE » TEMP » XNONEV , KK » XL STV,
1nx)
c
NIMENSION XARRAY(50), TARRAY(50) s XNODE(S0) s TEMP(S0) + XNODFV(50)
[
K=0
NXT=0,0

no 100 I=1.NA
TFIXLSTV,LE.DXT) GO TO 18N
KEK+1
100 NXT=DXT+DX
150 kKz=NA=K
XK =K
XNODEV(1)=XLSTV
TFMP (1) =TARRAY (1)
NO 200 I=1,KK
XNODE (I ) =XK*DY=XLSTV
CALL DISCTI(XNODE (I),XARRAY)TARRAY )NA,TEMP(T+1) )
XNODEV (T+1 ) =xXK%xDX
200 XK=XK+1l,0
RFTURN
FND

1000n
10010

Tonzn
10030
10040
10080
10060
1007n
10080
ro09n
10100
10110
10120
10130
10140
10180
101640
10170
to1an
To019n
rTo2nn
1T021n
rTo022n
10230
T02un
10250
to26n



$IBFTC UINTRP

10

20

30

uo

SUBROUTINF UINTRP(XeXTBL Yo YTRLyNeJ)
NIMENSION XTI (50) 2 YTRL(KNO)

1=J

1F(I,6T.N,OR,T,LT,.2} 1=2
TF(XTRLII=1) ,LE«X AND X LF.XTRL{T)Y) GO To 40
TF(X.6T.XTBL(T)) GO TO 3n

T=I=-1

IF(1,6E.,2) GO TO 10

=2

a0 TO 40

T=I+1

TF(1.LE.N)Y Go TO 10

=N

ERACT=(X=XTRL({I=1)) Z/(XTRL(I)=XTPL (I=1))
Y=YTBL T=1)+(YTRL{I)aYTR| (I=1))%FRACT
RFTURN

FND

Jonan
Jooin
Jon2o
J003n
Jooun
Joosn
JooéN
JOa7N
Joonan
Joo9n
Jo1on
Joitn
Joian
J0130
Jotan
Joisn
JOL1AN
Jo17n

T
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$IBFTC 1S0T
SUBROUTINF ISOTHM(DEPTH» TFMP, ROND» Ny ANS)

NIMENSION DEPTH{1) s TFMP({1)
ANSZ=~1,
K=N-1
no 100 T=1+K
TF(TEMP(1)=BOND)Y2+1,3
1 ANS=DFPTH(I)
G0 TO 100
2 JF(TEMP(1+1)-RONDYLION, 1004
4 AMSZDFPTH(I+1)={TEMP(T1+1)=BONN)*(DEPTH(141)=DFPTH(I) ) /(TEMP(T4+1)w
1TEMP(T))
&0 TO 100
3 TF(TEMP({I+1)=ROND)S5»1n0,100
5 ANSZ(TEMP(I)=ROND)I*(NDFPTH(I+1)=DFPTH(1)) /(TEMP(1)=TEMP(141))+NEPTH
1(1)
100 CONTINUF
TF (BONDJEQ.TEMP(N) ) ANSZDFPTH(N)
RFTURN
END

K0000
K0010
K0N20
KOnin
KOoun
K00S0
¥00AN
¥0070

X00AND

K009n
K0100
Koi1n
Ko12n
K013n
Ko1un
K0150
K3160
k0170
x018n
K0190




$IBFTC SAVE

QUBROUTINF SAVE (SAVE 1, SAVF29SAVE3)USE\NX1 o VALUE »DT» TFINAL » TIMF,
1THING)
DIMENSION SAVF1(1)¢SAVE2(1)¢SAVER(1)
USE=0,0
GAVE1 (NX1)=VALUE
NX22NX1=1
TF(NX2.,FQ,0INX2=3
SAVE2 (NX2)=VALUE
NX3=NX2=1
TF(NX3.,EQ,0INY3=3
SAVF3(NX3)=VAL UE
TF((TIME L T4 (2+%DT)),0R, (TIME ,GF, (TFINAL=3.,%DT)})60 TO &
GO TO (1+293)NX1
1 TF(((ABS(SAVF2(1)=SAVF2(2))).LE, 001),0R, (ABS(SAVE2(2)=SAVE2 (%))
1,LE.sN01))6G0 TO §
TF({(SAVE? (1) ,LT,SAVF2(2)) . AND. (QAVF2(2) ,GT,SAVE2(3)) ), 0R. ( (SAVFD(
11), T.SAVF2(2)).AND.(SAVF2(2),LT,SAVE2(3))))IUSE=SAVE2(2)
5 THING=SAVF2(2)
GO TO 4
2 TF(((ABS(SAVER(1)=SAVF3(2))),LE,,001),0R, (ARS(SAVE3(2)=SAVE3(3))
1.lE,.N001))60 TO &
TFC((SAVE3 (1) LT, SAVF3(2)),AND, (GAVE3(2) ,6T ,SAVF3(3))),0R, ( (SAVFx{
11) 6T, SAVF3(2) ), AND, (SAVFI(2) LT, SAVE3(3)) ) )USESCAVF3(2)
6 THING=SAVE3(?)
60 TO &
3 TF(C(ABS(SAVEY (1)1=SAVF1(2))) L E,,001),0R, (ARSISAVF1(2)=SAVEL(3))
1.LE.«N01))160 TO 6
TFC((SAVEL (1) ,LT.SAVF1(2)),AND, (SAVEL(2) ,6T,SAVE1(3))).0R, ({SAVE1(
11).GT,SAVF1(2) ). AND. (SAVF1(2) ,LT,SAVEL (%)) ) IUSEZSAVEL (2)
7 THING=SAVF1(2)
4 NX1ZNX141
TEF(NX1,EQ 4INX1Z]
RFTURN
FND

Looon
Loo10

10020
L0030
LOOuN
Lo0sNn
LOO6D
L0070
Looan
L0090
L0100
1.011n
Log2n
L.013n
Lo1un
L0150
LOLAD
LoL7n
LO1AN
L0190

Lozno

L0210

‘Lo220

1.0230
Lo24n
1.0250
L0260
L0270
Lo2a0

.029n

1.o300
L0310
L0320
L0330
Lo3un

73
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$IBFTC DISCT3
SUBROUTINF DIcCT3(XA,TABX,TABY,NyANS)

NIMENSION TABX(1)sTARY(1)

CALL NISSER{XA»TARX»1oNY,2sNN)

NMN=3

CALL LAGRAN(XAs» TARX(NN) »TABY (NN} ,NNN, ANS)
RFTURN

END

Moo0n
M0010

M0020
MOD3N
MOO4N
MOO5N
MOD6N
M0070




$IBFTC DISS

10

15

20

25

30
35

40

SUBROUTINE DISSER (XAs»TAB»I/NXeID?NPX)
ODIMENSION TAB(2000)
DIMENSION TAB(2000)
NPT=ID+1

NPB=NPT/2

NPUZNPT=NPB

IF (NX~=NPT) 10,5010
NPX=1

RETURN

NLOW=I+NPB
NUPP=I+NX=(NPU+1)

DO 15 II=NLOW/NUPP

NLOC=IT

IF (TAB(II)=XA) 15,20020
CONTINUE

NPX=NUPP-NPB+1

RETURN

NL=NLOC=NPB

NU=NL+ID

DO 25 JJ=NLeNU

NDIS=JJ

IF (TAB(JJ)=TAB(JJ+1)) 25130925
CONTINUE

NPX=NL

RETURN

IF (TAB(NDIS)=XA) 40+35¢35
NPX=NDIS-ID

RETURN

NPX=NDIS+1

RETURN

END

w00co
woo1o0
w0020
w0030
w0040
w0050
w0060
w0070
wooao
w0090
w0100
wollo
wol20
w0130
woi4o0
w0150
w0160
w0170
w0180
w0190
w0200
woz1o0
w0220
w0230
woauo
w0250
w0260
w0270
w0280
w0290
w0300
w0310

™




$IBFTC LAGR 70000

SUBROUTINE LAGRAN (XAsXreYeNsANS) T0010
DIMENSION X{200),Y(200) T0020

C DIMENSION X(200),Y(200) T0030
SUM=0.0 TO0040
DO 3 I=1N T0050
PROD=Y(I) T0060
DO 2 J=1»N T0070
ASX(I)=X(J} T0080
IF (A) 1201 T0090

1 B=(XA=X(J))/A T0100
PROD=PROD*B T0110

2 CONTINUE T0120
3 SUM=SUM+PROD T0130
ANS=SUM T0140
RETURN T0150
END T0160

6




$IBFT

30

10

20

40
1000

1001

1002 FORMAT(///6H XMAXZF10,4,5H YMIZF10.4s5H YM22F10,u95H YM3=F10,0,54

50
1003

C MORE .
NIMENSION TITLE(12),x(2000)9Y1(2000),Y2(2000),Y3(2000),Yu(2000)

RFWIND 11
READ(11) (TITLE(I)»I=1+12)
READ(11)X(1)sY1(1)pY2(1),¥Y3(1)sYul1)
Y3(1)2Y3(1)%12,4Y1(1)

YU (1)=YH(1)%12,4Y1(1)

1=2

READ(11)X (1) ¥1(I)s¥2(1),¥Y3(1)sYulI)
TF(X(1)=5001,)10,20,20
Y3(I)=Y3(1)%12,4Y1(])
Yu (1)=Y4 (1) %12.4Y1(T)
12141
a0 70 30

NPLOT=I=1

YMIZY1(1)

YM2EY2(1)

YM3ZY3(1)

yMusYa(1)

nO 40 K = 2 o 'NPLOT

TF (Y1(K),GT,YM1) YM;
TIF (Y2(K),GT, YM2) YM>
1F (Y3(K},6T,YM3) YM3
IF (Yu(K),GT,YM4) YMu
CONTINUE
FORMAT (1H1+ (12A6))
CALL ACCEND(X¢Y1,Y2yY3 Yt ,NPLOT)

XMAX=X (NPLOT)

CALL APLOT (XsY1sXMAX,YM1 e TITLF,NPLOT)
CALL BPLOT (XsY2,XMAX,YM2,TITLE)
CALL CPLOT (X»Y3,Y4yXMAX,YM3,YMs, TITLF oY1)
WRITE(6,1000) (TITLE(T) s T=1912)

WRITE(601001) (X(I)oY1(I),¥Y2(I)sYALI)oY4(T) o T=1,NPLOT)
FORMAT (5E20,8)

WRITE (6, 1002) XMAX » YM1, YM2 , YM3, YMu s NPLOT

Y1{K)
Y2 (K)
Y3(K)
yu(K)

1YMUZF 10,49 2X6HNPLOTZ1L)

READ (11) (TITLE (I),1 = 1912)
READC11IX(2) oYL (1) o Y2(1),Y3(1)sYull)
=2

IF(X(1}=5001,130,50,50

WRITE(691003) (TITLE(T) »I=1,12)
FORMAT(////12206)

RETURN

FND

NOOOO
NOO1N
NoB20
NOO30
NOOLO
NDOS0
NDOAD
NOOT7N
NODAD
NOD90
NOG1nD
nNo110
NO120
NO130
NOLun
NO15N
NO160
NO170
Np180
N0190
NO200
NO210
ND220
NO230
NO2u0
N0250
ND260
NO270
NO28N
ND290
NO3ON
NO31N
NO320
NO330
NO3un
NO3SN
NO360
NO370
NO380
NO39n
NOuoo
NOuUtL G
NOL2N
NO4 3N
NOLun

7
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$IBFTC ACCEN

101

100

SUBROUTINE ACCEND(Xy»YsAsBeCoN)
NIMENSION X(1).Y(1)rA(1),R(1),C(1)
K=1

SMALL=X(K)

DO 100 I=KeN

DUMY=X(1)
SMALL=AMIN1 (SMALL ,OUMY)
TF(SMALL ,EQeX (1)) INDEX=Y
CONTINUE

X (INDEX) =X (K)

X{K)I=SMALL

SAVE=zY(K)

Y{(K)=Y(INDEX)

Y ( INDFX)=SAVE

SAVEA=A(K)

A(K)ZA (INDEX)
A(INDFX)=SAVEA
GAVEB=B(K)

B(K)=R{INDEX)
R(INDEX)=SAVER
SAVEC=C(K)

C(K)=C (INDEX)

C LINDEX)=SAVEC

K=K+l

IF(K.EQ NIRETURN

G0 TO0 101

FND

P00ON
PO0O10

‘POO20

PO030
POOLO
POOSD
PO0O&N
P0O0O70
P0O0A0
P0090
P0O100
PO110
P0O120
PO130
PO1uO
PO150
PO16n
PO170
PO180
PO19n
P020n
PO210
P0220
P0230
PO240
PO250
P0260
P0270



$TBFTC ARLOT

10
30
1000

20

ug

%0

60

CHRRONTINF APLOT (XoYy XL ITMyYLIM, TITLE, IPI OT)
DIMENSION X(3n0) , YTTTLE(1N) »XTITLF(10)

NIMFNSION TITLE(12)9¥(300) s ALONGY(T7)

COMMON /aRC 7 ALLOW(7) pA) ONGX (7)) ,NPLOT»ZFRO» XMAX, TFIX

HATA (XTITLE(T)»I=1s10n)/38H TIME (SEC,) /
DATA (YTLYLF(T)eI=1yr1n)/38H SURFACE RFCFSSION (IN,) /
7FRO=0.0

al LOW(1)=%0,

AtLOW(2)=100,

Al LOW(3)=2b50,

Al LOw (4Y=500,
ALLOW(S)=100n,

al LOW(6)Y=2500,
AlLLOwW(7)Y=%S000,

NPLOT=IPLOT

no 10 I=1.7

11=1

TFAXLTM= ALLOW(T)) 20,20,10
CONT INUF

wRITE (A,1000) XLIMey! IM
FORMAT(///77H APLOT CANNOT PF DONF RECAHIGF FTTHFR XLTM FXCEFDFD &N

in0, OR YLIM r¥CFENEN &, /AH XI| IM=F12,5)5%,6H YLIMZE12,5 // 19H Wr
2n0W 6N TU BPLNT /77 )

RFTURN

yMAX=Z ALLOW(1T)

IFIX=T]

o a0 I=1.4

11=1

TFAYLTM %100, =ALLOW(TY) )R0,SNsln
CONT [NUF

-0 TO 30

yMAX =ALLOW(TT) /100,

CALL RSTHPRM

CALL GRIDGN (123,102%,20,024,18,1R¢5,5)
CALL PLOTYT (1,19 ZFRO,XMAX p2FROsYMAX e Xp YeNPLOT»191H/)
A ONGY (1)=4U,.0

Al ONGY(1)=0.0

O A0 I=Le6

CALL LARELX (ALONGX(T),1)

CALL LARELY (ALONGY(T),»1)
ALONGX(T+1)= ALONGX(TY +,2% XMAX
M ONGY(T+1)= ALONGY(I) +,72% YMAX
CALL PRINT(20Ns975912,0038)XTYTLF)
CALL PRINT(U7,200,001243R8,YTITLF)
CALL PRINT(122,1000,12,0,72»TTITIF)
CALL NMPRhF

RF TURN

FND

aonnn
aeo0Ln
nonon
AONAN
oannun
apnsA
NONAN
nanNTn
nonan
onnan
ap1nn
[ahARN
Nno1on
A013n
antun
60180
a0VtAN
nor7n
O01ARN
oanlan
ansnn
np21n
nN22n0
NN23N
no2un
nQ25%n
00260
an270
NO2ARN
0np29n
nN3nn
nn3LN
no3an
no33n
An3yNn
NO3RN
NO3KN
nox7n
nansAan
nNnO39N
nouann
anun
nanuon
apu3n
nouyn
nousn
NNuAN
nouTNn
aQuRn

9



80

$IBFTC RPLOT

10
1u00

20

30

SUBROUTINFE PRI OT (XoY , XLTMyYL YM, TITLE)

NIMENSION X{3N0)»Y(R0N) p YTITLF (10)Y» ALONGY (7)), XTITLE(1N)
NDIMFNSION TITIE(12)

COMMON /ARC / ALLOW(7) AL ONGX(7) ,NPLOT»ZFRO XMAX, TFIX

NATA (XTLITLE(Y)sI=1s10)/3RH TIME (SEC,)
NATA (YTITLE(T)»I=1s10n)/3RH RONNLINF TEMPERATURE (R)
M ONGY(1)=0,0

NO 10 I=1.7

T1=1

TF(YLTM =ALLOW(Y)) 21,200,110

CONTINYF

wPITE (6,1000Y) YLIM

FORMAT(//7/7 37H PPLOT WILL NOT BF DONE BFCAUSF YLTIM= E12.% //77)
PFTURN

YMAX =ALLOWIYT)

CALL RSTFRM

CALL GRIDGN(123,1023,24,9%4,318,1R95¢5 )

CALL PLOTY (1,1¢ZFRO,XMAY,ZERO)YMAXeXyYs NPLOT»1, 1H/ )

no 30 I=1+6

CALL LLARELX (ALONGX(TY1y 1)

CALL LABELY (ALONGY(T1)s1)

Al ONGY(T+1) = ALONGY({T1) 4+ 2% YMAYX

CALL PRINT(20n1975912,0,3R¢XTTITLF)

CALL PRINT(U7,2000001203R,YTITLF)

CALL PRINT(123,1000012,0,722TYITLF)

cALL DMPHUF

RFTURN

FND

rROONN
rOOLN
RONZN
rO0O3N
ROOUN
RONGN
POOAN
ROO7N
rRONAN
rRONGN
rRO10N
RO11N
rRO12nN
RO 3N
ROYun-
ROTSN
ROIAN
ROL7N
RO1AN
RO19N
rRO20N
RO21N
rRO22n0
rRO23N
RO2un
RPO26N
RO2AN
RO27N
RO2A/N



$IBFTC CPLOT

C *%xx

7

1000

6

70

10

RS
RrR6

20

SUBRONTINF CPIOT (Xoyt Y2 o XLIM, YL TM1,YLIM2» TITLF, Y)
NIMENSION X(3n0),Y1(3n0),Y2(300), YTITLE(10)»YY(2000),XTYITLE(10)
NIMENSION TITIEC12) ey (300) s ALANGY(T7)

NIMENSION CURVE (1) 2 VRUIG(U )Y 1 HRUIG(7)

COMMON /ARC /7 ALLOW(7) A1 ONGX(T7) NPLOT»ZFROy XMAX, TFIX
NATA (VBUG(I),IZ=1,4) /7 100,0,50.0n920,N910,0 /

NATA (HRUG(T) wI=197) 7 1.002,045,0010,0020,0,50.00100,0 /7
NATA (XTEITLF(T)r1=1v10)/30H TIME (SFC,)
DATA (YTaTLF(T)s1I=1le1n)/3RH ‘DISTANCE (IN,)

NATA ONF/uHIng0 /o TWn/Z7UH1LED /

NATA WON/1HY /79T0OO/3%42 4

FOUR (4) CHARACTEPS ARE AtLOWFD FOR CHIRVF(1)
CURVE (1) =ONF

HFACTR=HHBUG(TFIX)

QYMRQL SWON

YRIG —AMAX1 (YLIM1,Yi TM2 )

NCURVF =1

NO 1 T=1,NPLOT

YY(T)= Y1(I)

no 7 1=1,u

11= |

TF(YBYG*100, <ALLOWIT))A,A»7

CONT INUF

WwRITE (6,1000) YL IM1,YLTIN?

EORMAY (/// 3aH (PLOT WTIL! NOT PfF DONF RFCAUGF Y| IM1=F12 ,5,10H OR
IYLIM2= F12.5 ///7 )

RFTURN

YMAX =AaLLOW (TI)/100,

VFACTRZVIBNIG(TIT)

CALL RSTFPM

ALl GRTUEN (123,1023,24,024,18,1815,5)

J=1

no 10 I=UlNPLOT

11= 1

M1 =T

1F(C YY(I)=Y(T) Y20s1n,10

CONT INUF

NOPTZNPLOT=J4 1

Ll =d + NOPT/2

TVLOCZ (YMAX=YY(LL))*1R, xyFACTR 424, =4,

THLOC= X(LL)Y%18, /HFACTR 4123, ~u8,

CALL PRINT(IMI OC,IVLOCY Re0sl,CURVE)

CALL PLOT1(1,192FRO» XMAX,ZERO yYMAX o X ( J) »YY (J) s NOPT »1,SYMBROL)
IF (NCURVF=1 Y 90,85,90

Nno Re I=1NPINT

YY(1)=Y2(T1)

CURVE (1)=TWO

SYMROL=TOO

NCURVF = 2

J=i

GO TO 70

NPT V=

Lb=d + NPT/

TVLOC=(YMBX=YY(LL))*1R , «yFACTR 424, =4,

THLOC= X(LL)Y«18, /HFACTP +122, .18,

CALL PRINT(IHI OC, TVLOCY Re0el,CURVE)

<onqon
sonyn
<002n
<003n
conun
co0sn
S0NaN
<oo7n
Sonan
conan
<0tnn
<0110
<012n
cO13n
<0tun
Q018N
c0ieN
So1T7n
SO1RN
s019n
co2nn
<e21n
<0220
cp23n
<02u4n
c025n
c02sN
€g27n
<pPan
<0290
s03nn
<OXLNn
co3an
<R3N
Qo03un
c3gNn
SO3RN
cOR7N
SOXARN
€039n
counn
<pu1n
anuosn
couan
<Ouun
courn
cNLaN
courn
cpuRfn
cauon
cosnn
SOR1Nn
c052n
053N
cplun
SO85n
CNRAN
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CALL PLOTY(1,192FROsxMAX,7ERO»YMAX »X(J) oYY () yNPTs19SYMPOL) <OS7n

NO S0 IJ= II, NPLOT SORAN
Jd= 1J c059n
TF(YY(IJ)= Y(TJ) )5Sn,upsun sS06nn
0 CONTINUF c0htN
IF(NCIIRVE=1) Q0,85/,9n s062n
40 = JJd SO0RAN
G0 TO 70 <S0éun
90 At ONGY(1)=0.n cO6KN
no 100 Tz146 co6AN
CALL LARELX(AI ONGX(I), 1) S067N
CALL LARELY (AN ONGY(T),1) CO0RAN
100 AL ONGY(I+1)=atl ONGY(T) + ,2*YMAX S069N
CALL PRINT(20N9978912,0, 3R, XTTITLF) co7an
CALL PRINT(U47,20000012¢3R8,YTITLF) <071n
CALL PRINT(12%93000,1240,72sTTITLF) <0720
CALL DMPHUF S073an
RF TURNMN SO7un
FND S07k/N
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FORTRAN

ABLC

ABLK

BB
BL
BLTEM

BTEST

CB
CHARC
CHARK
CP
CPB
CPC
CPV

CPX

DB

DELTT

APPENDIX D

PROGRAM TERMINOLOGY

Description

"A" coefficient in matrix, single subscript

"A" coefficient in matrix, double subscript

specific heat of material at TABL

thermal conductivity of material at TABL

"B" coefficient in matrix, single subscript

"B" coefficient in matrix, double subscript

Total thickness of backup structure

value of 1460 isotherm depth from previous time step

test to determine mode of heat transfer out of back surface of
backup materials

"C" coefficient in matrix, single subscript

"C" coefficient in matrix, double subscript
specific heat of material at TCHAR

thermal conductivity of material at TCHAR

specific heat of a node in ablation material
specific heat of backup material node

specific heat values in char specific heat table
specific heat values in virgin specific heat table
specific heat values in backup material specific heat tables
"D" coefficient in matrix, single subscript

"D" coefficient in matrix, double subscript

time step in the time step table
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FORTRAN
DMP
DRH{
DT

DTS

DX

DXB
DXV

DXX

EMBB
EMC
EMIB
EMV
EMX
END
ERR1 A
ERR2

ERR3

ERR4 )
FBLGW
FCPNV
FENV
FRAD

FTEST

8L

Description
test used for dumping (DMP = O skip dump, DMP = 1,0 start dumping)

local mass flow rate of ablation gas

time step from the time step table in hours
time step from time step table in seconds
thickness of a node in the ablation material

thickness of a node in a backup structure material
. \ . VLV
variable ablation node thickness T o1

fixed ablation material node thickness = ﬁ%é%_I)

emissivity of back surface of each material in backup
char material emissivity

emissivity of front surface of each material in backup
virgin material emissivity

emissivity of front surface of ablation material

code word for plot routine

Control numbers for printing error statements when an input or
calculational mistake is made

blowing efficiency in reducing convective heating

factor to correct convective heating rate for various body locations
emissivity - view factor product to cabin interior

factor to correct radiative heating rate for various body locations

test to determine mode of heat transfer into front surface of
backup materials




FORTRAN

FV

GAPX

H300

HEAD

HEADNG
HENV

HTX

HV

IEM

IPRC
IPRCT
IR
IR1
IR2
NCASE
NCPB
NCPC
NCPV

NKC

Description

view factor for external environment

defined by FORTRAN statement

gap width between backup materials

film coefficlent between backup materials

enthalpy of air at 300° K

any 72 alphanumeric characters used to identify problems being
run - printed at top of first page of output

any 72 alphanumeric characters used to identify each input section

film coefficient to cabin environment

total enthalpy

heat of degradation of virgin material

wall enthalpy computed from enthalpy — temperature table

enthalpy values in enthalpy table

test used to determine if front surface is virgin or char for using

proper emissivity

variable print frequency in time-step table

present print control number

test to determine if node temperature is greater than TABL

test used

test used

number

number

number

number

number

of

of

of

of

of

in determining node density at TX1 temperature

in determining node density at TX2 temperature
problems to be rﬁn

points in each backup material specific heat table
points in char specific heat temperature table
points in virgin specific heat temperature table

points in char thermal conductivity - temperature. table
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FORTRAN

NKPB
NKV
NMB
NP
NPBS
NFPF
NPLET
NPM

NHP

NXE

QBLECK

QPN

QCPNX

QIN
QLPSS
Q@XID

86

Description
number of points in each backup material thermal conductivity table
number of points in Virgin thermal conductivity temperature table
number of materials in backup structure
number of node points in ablation material
total number of node points in backup structure
total number of points in heat shield structure (NP + NPBS)
output plot control number
number of nodes per material in backup
number of points in enthalpy — temperature table
number of points in time-step table
number of points in surface recession — temperature or time table

number of points in trajectory input table

dummy indices for subroutine SAVE

amount of convective heat blocked due to mass injection into
boundary layer

trajectory table convective heating rates

cold wall convective heat rate at present time step
hot wall convective heat rate without blowing

net heat flux into front surface

boundary condition for heat transfer to cabin interior

heating rate due to combustion




FORTRAN

QRADX

QUIT

RB1
RB2

RHY
RH@BX
RH{C
RHGV
RHPY1

RHfY2

SD@T
SAVEIT
SAVEXX
SAVX
SAVY1
SAVY2
SAVY3
SAVYL
SAVY1X

SAVY2X

Description
trajectory table radiative heating rates
radiative heat flux at present time step
code word for plot routine

thermal resistance due to conductivity between nodes in the ablation
material

thermal resistance due to conductivity between past and present node
in backup material

thermal resistance due to conductivity between present and forward
node in backup material

density of an ablation material node
density of individuel materials in backup
mature char material density

virgin ablation material density

density of node at past time step

density of node at present time step

thermal capacity of a node in the ablation material
surface recession rate

depth of 1060 isotherm at any given time

time corresponding to maximum depth of 1460 isotherm
time corresponding to maximum depth of 1060 isotherm
surface recession depth at maximum 1060 isotherm depth
bondline temperature at maximum 1060 isotherm depth
term that will contain maximum depth of 1060 isotherm
depth of 1460 isotherm at maximum 1060 isotherm depth
surface recession depth at maximum 1460 isotherm depth

bondline temperature at maximum 1460 isotherm depth
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FORTRAN
SAVY3X
SAVYLX

SR

TABL
TCHAR
TCP
TCPC
TCPY
TEMDT
TEMPT
TENV
TEST2

TDMP

TIME
TINT
TITLE
TKC
TKV
TL
TLIM
TREC
TS

TTABLE

88

Description
depth of 1060 isotherm at maximum 1460 isotherm depth

term that will contain maximum depth of 1460 isotherm
surface recession values in surface recession table
present time

temperature at which ablation starts

temperature at which ablation stops

temperature values in backup material specific heat tables
temperature values in char specific heat table

temperature values in virgin specific heat table

arbitrary initial temperature distribution values

constant initial temperature distribution value

interior cabin temperature

test to determine proper heat shield initial temperature distribution

time to start dumping or printing information used in checkout of
program (sets DMP = 1.0)

trajectory table time values

starting time of problem

control card used for reading in new data for successive problems
temperature values in char thermal conductivity table

temperature values in virgin thermal conductivity table

total thickness of heat shield structure (VL + BL)

time limit of problem

surface temperature or time at which char removal is to start
temperature or time values in surface recession table

time values in time-step table




FORTRAN Description

TTUL equals TUL if VPT = O or equals TX2 if VPT = 1 - used in computing
char properties

TUL maximum value of TX1 and TX2

TULL maximum TX1 values - used in computing gas ablation rate

TULZ2 maximum TX2 values -~ used in computing gas ablation rate

TV sink temperature of external environment

W temperature values in enthalpy table

TX1 temperature of nodes at past time step

TX2 temperature of nodes at present time step

TX2C temperature at fixed locations in ablation material as defined by XC

TX2T temporary storage of TX2 temperatures for computing thermal properties

1¥XK temperature values in backup material thermal conductivity tables

TX¢ initial temperature at front surface of heat shield for computing

linear temperature gradient

TY temperature distribution at forward time step
VEL trajectory table velocity values

VELX trajectory velocity at present time step

VL initial virgin material thickness

VLI initial ablation material thickness

VLTEM value of 1060 isotherm depth from previous time step
VLV variable ablation material thickness
VPT test to determine if properties are irreversible with temperature

WEKEEP  depth of 1460 isotherm at any time

XBM thickness of individual materials in backup
XC fixed location of nodes in the ablation material
XTI node number
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FORTRAN

XIDNT

XKC
XKV

XLPST
XLSTI
XLSTV

XMDe

XMDG

XMDT
XNP
KNPM
XPL@T
XV

YK
YPLPTL
YPLgT2
YPLPT3
YPL@TH

ZZZ

20

Description

any 72 alphanumeric characters to identify each material

thermal
table

thermal

thermal

thermal

conductivity values in backup material thermal conductivity

conductivity of backup material node
conductivity in char thermal conductivity table

conductivity value in virgin thermal conductivity table

amount of solid ablation material lost in a time step due to surface
movement

distance from original surface to present front surface location,

inches

distance from original surface to present front surface location,

feet

mass loss rate of char

mass gas ablation rate due to pyrolysis of virgin material

mass flux rate of oxygen to surface

total ablation rate

number of nodes in ablation material

number of nodes per backup material

time to be written on tape and plotted

location of nodes in variable ablation material thickness

thermal

conductivity of a node in ablation material

recession depth to be written on tape and plotted

bondline temperature to be written on tape and plotted

1060 isotherm depth to be written on tape and plotted

1460 isotherm depth to be written on tape and plotted

ratio to determine when the limiting value of heat blockage has been
reached



APPENDIX E

GENERAL FLOW CHART

Start

Rewind 11
Read NCASE

Initalize
program constants

Read and write
input data and
setup initial conditions

Calculate surface
heating conditions

Transfer fo subroutine
TEMPD

determines initial
temperature distribution

Transfer to subroutine
RECESS

calculates surface recession
depth and char ablation rate

Transfer to subroutine
CPEFF

calculates tri-diagonal
matrix coefficients

Transfer to subroutine
PR$P

calculates thermal
properties

Transfer to subroutine
SWUFT

solves tri-diagonal matrix
for temperature distribution
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l Continue I

Transfer to subroutine
D¢N2

calculates fixed
location temperatures

Transfer to subroutine
ABLATE

calculates gas
ablation rate

Transfer to subroutine Setup temperature Transfer to subroutine
SAVE <+—— | distribution for printing | <+—— IS¢THERM
determines maximum and | eee—p Perform isotherm —» | calculates 1060° R and
minimum values for depth calculations 1460° R isotherm depths
plot program
Write output —— Setup data for

tape NPIYT = 1 plot program

If time is less than

TLIM, loop back to -— 'i?eCkl?o?t

surface heating . ;me ;Tl
calculations > oI problem
Check — End File 11
NCASE IPLYT - NCASE Rewind 11
sl

Reinitialize program to
initial input conditions

Go to initialization
of program constants
to start next problem
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1

TYPICA!
+600.0  +0N +0,0
+U.U +UU +u,1
+600.u +0N +u,1
+1.0 +(N +1,0

TYPTCAL CHaRRING

+10ou.N +uN +1iupu,Nn
+0.65% 40N #0758
+1,0 +UN i 0

31 2 4 Q

+10860,0 +yn 40,12
+1b60,0 +yN +0 .43
+3A01 +UN 40,064
+660e0  +0N #4060
+960s 0 +UN +,U6Y
+3A0 D 400 +0 .43
+U.U +N +9,0

NO TRAUFCTURY =

2
+U,.,0 +)N +YK,0
+600,0  +uN +95,0

1 3 +u,l
+3.0 +(0

9

2
BACKUP MATERIAL
+3A0e U +0N Fu, 065
+nbUU +00 40,066
+4A0 U +00 11,069
+IFULO0 +00 +U 43
+3u,0 +un +u.1
+u.0 +U L aeU

HFAT TRANSFFER TO €

+5A0.0 40N +0,0
INTTEAL TFMPERATHR

+0.,0 +4N +H3G.U
up

+1.0 40N +u.0

+61742 40N 420000
+1113,0 400 +4n00,Nn
+1480U,0 40N +urzs,n
+1700.,0 40N +5299,.n
+2000,0 +01 +5728,0
+2300,0 +00 +n078,.0
+2600.0 4y +6295,0
+£2900,0 400 +6A99.n0

TABLE T.- SAMPLE PROBLEM INPUT

(v) Fortran date card listing

CHARRING ARLATOR = TEST CASE -« 4/6/65

40N ?
+Un 100
+U0n ton
+yn

1

At ATION MATFRTAL PROPFRTIFS

+00 +0,0
s 400 +129,0A
+uh +u,12
2 2
+00 +1.,0
+un +1.0
+00 +4A0.0
+00 +7A0,0
+UnN +1NaN.N
+0N +1100,0
-4 +600,.,0

+00 +3u4,0n +ylt +20,0
+00 +1.5n +00 +250.0
+00 40,43 +00 40,070

+U4 40,12 +0n

+04 40,43 +00

+00 40,065 +00 +5A0,0
+N0 +1,0672 +00 +RA0,0
+00 +0,070 400 +1160.0
+00 40,43 +00

+0N 49,0 =04

Q=95 RTII/SEC=-SOFT

+Ul +U,.0
+00 +0,0

+00

+110 +4AR0.0
+)N +76v.0
+00 +1060,0
+00 +1100,0
+00 +0).9
+0u0 +4y,0

+00 42,925 404
+00 +2.925 +0u

0.1 INCHES THYCK
+00 40,065 +00 +5A0,0
+00 +0,UAT72 +00 +8FA0,0

APIN FNVIRONMENY = HENVYZ=(G,0

+u0 +0,0

E IS CONSTaAMT

+ul +930.,0

+U0 +3U2,9

+00 +791,0

+00 +1200,0
+U0 +1500,0
+00 +1Rp0,0
+U0 +2100,0
+uf +2400,0
+UN +2700,.n
+00 +3000.0

+00 +0,07 +00 +1160,0
+00 40,43 +00

+0N +0.9 +00

+00 +0,0 +00

+00 40,0 +00n

+10

+00 +1000,0 +0N +449,7

+00 +3000,0 +0N +978,0

+00 442240 400 $13200A,0
+00 +4936,0 +00 +1A00.0
+00 +5u54,0 400 +190n,0
+0n +5851,.0 400 +2200,.0
+00 +6186.0 +00 +2500,.0
+UU +6U97,.0 +0N 428000
+00 +6R05.N +00 +3100,.0

DONALN M, CHRRY

+00 40,00 +00
+{00 +0,0 +00
+00 +0,43% +00

+0N 40,0655 +0n
+00 +0,.0684 +00
+0N 40,070 +00

+00 +n. 06655 +00
+00 +0,06R4 400
+00 +0,07 +00

+0N +1800,0 400
+00 +3600,0 +00
+0N +4u8A,N 400
+0Nn +5127,.0 +00
+0N +5596,0 +00
+00N +596R,0 +00
+00 +6291,0 +00
+0N +6597,.,0 +00
+0N +691R8,0 +00



+3200.0
+35N040)
+3800 .0
+4100.0
+uyN0e)

+unN+7us0,u
+U0+TuR), 0
+UYNETHT70.1)
+yN4+RRAH LD
+UN+ON0 L0

TABLE I - SAMPLE PROBLEM INPUT - Concluded

{b) Fortran data card listing

+u0+335N00,0
+UN+36N0,0
+OO+3YN 1
+un+u200,0
+u0+u5N0,0

+00+47175,0
+00+7630.0

+(00+R120,0
+1N04+R700.0
+00+491%0,0

+00+34N00,0
+00+3700,0
+0044000,0
+00+4300,0
+004+8600,0

+0N+7350,0
+00+7800.0
+00+R3N0,0
+0N+R850,0

+0N+9270,00

+0n
+00
+00
+00
+00
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TABLE II.- SAMPLE PROBLEM OUTPUT

TYPICAL CHARRIMG ARLATOR - TEST CASE - 4/6/65 DONALD M. CURRY

INPUT DATA.

TIME LIMIT=6.2000E 02 INITIAL TIME=0. NPTT= 2
TIME TIME STEP PRINT CONTROL
0. 1.0000E-01 ivo
6.0000F 02 1.0C00E-0O1 100

FCONV= 1.00000E 00 FRAD= 1,000200E 20

TYPICAL CHARRING ABLATION MATERIAL PROPERTIES

TABL= 1.06070E 03 TCHAR= 1.46C00E 03 TREC= 0. RHOV= 3.40000E 01 RHOC= 2.00000E 01
FBLOW= 0. CMV= 6.50000E-01 EMC= 7.500C0E-01 H300= 1.29060E 02 vi= 1.50000E 00
HV= 2,50000C 02 VPT= 0. Fv= 1.00000E8 QO Tv= 0. CHARK= 1.20000E-01
CHARC= 4.30000E~01 ABLK= 7.00000E-02 ABLC= 4.30000E-01
NP= 3] NKC= 2 NCPC= 2 NKV= 9 NCPV= 2 NREC= 2
VIRGIN MATERIAL
THERMAL SPECIFIC
TEMPERATURE CONNUCTIVITY TEMPERATURE HEAT
3.60000F 02 6.5CN0JE-02 3.60000E 02 4+«30000E-01
4,60000C 02 6.50000E~-02 1.10000E 03 4.30000€E-01
5.60000€E 0z 5.55000E-02
6.60000E 02 6.6C000E-02
7.60000C 02 6.72000E-02
8.600008 02 6.840006-02
9.60000E 02 6.90000E-02
1.06000E 03 7.00000E-02
1.16900E 03 T.00000E=-02

CHAR  MATCRIAL

THERMAL SPECIFIC
TEMPERATURE CONDUCTIVITY TEMPERATURE HEAT
1.46000E U4 1.2C003E-0] 1.46000E 03 e 3000UE-uL
1.00000C 04 1.20000E~01 1.00GCG0E 04 4.,30000C-01

SURFACE RECESSION TABLE

TIME SR ~ IN/SEC
0. 9.0C000E-04
6.00000E 02 9.0C000E-04

NO TRAJECTORY = Q=95 BTU/SEC-SQFT

ND. OF TRAJECTNRY PNINTS = 2




TABLE II.- SAMPLE PROBLEM OUTPUT - Continued

TIME 0 CONVECTIVE Q RADIATIVE VELOCITY
G 7e20U00E UL U 2.9250Uc U4
6.00000F 02 9.50000E 01 O. 2.92500E 04

PRAPERTIES OF BACKUP STRUCTURE

NO. CF MATERTALS IN BACK-UP SHIELD= 1
TOTAL NUMBER OF NUDES IN BACK-UP SHIELD= 3
THICKNESS OF SACK-UP SHIELD= 1.50000E-0O1

BACKUP MATERIAL 0.1 INCHES THICK
THEQMAI SPECIFIC
TEMPERATURE CONDUL LV TY TEMPERATURE ABAT
3.60000€ 02 6450009E-02 3.60C00E 02 4.30000E-01
4.60000F 02 6.5C300E~02 1.10000E 03 4.30000E~-01
5.60000E 02 6.4%500)E-02
6.60002E 02 6.6C0V0E~L2
T.60000E 02 6. T72200E-02
8.63000E 02 6.840000-02
9.60023E 02 6.9000UE-02
1.06003%E 03 7.70000E~G2
1.160000 23 1.20200E-02
. EMISSIVITY
MATERIAL DENSITY THICKNESS FRONT B8ACK NODES/MATERTAL
1 3.4000E O1 1.00920E-01 9.0000&-01 9.0000E-01 3.0000€8 00

ADDITIUNAL DATA FUR INDIVIDUAL MatERLALS IN BACKUP STRUCTURE

MATERIAL FILM COEFFICIENT GAP THICKNESS FTEST BTEST
1 N, 0. 0. 0.

HEAT TRANSFER TU CAXIN ENVIRONMENT - HENV=0.0

TEMPERATURE= »,60000E 02 FILM COEFFICIENI= C. VIEW FACTOR= 0. Q LOST= 0.

INITIAL TEMPERATURE IS CONSTANT

TEMPFERATURF DISTRIBUTINN IN HEAT SHIFLD IS UNIFORM AND EQUAL TO 5.300CF 02
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TABLE II.- SAMPLE PROBLEM OUTPUT - Concluded

OUTPUT DATA.

TIME= 9.900N0E 00 QCONVECTIVE= 9.50000f 01 QRADIATIVE= 0. VELOCITY= 2,92500E 04
GAS ABLATION RATE= 0, CHAR ABLATION RATE= 5.40000E 00 TOTAL ABLATION RATE= 5.40000E
RECESSIUN DEPTH= 9.00000E-03 (QHOT WALL= 8.99282E 0Ol

TEMPERATURE DISTRIBUTION IN HEAT SHIELD AT THE END OF TYHE TIME STEP, T= 1.00000E 01 SECONDS

TEMPERATURE OISTRIBUTION IN THE ABLATING MATERIAL

3.79022E 03 2.33046E 03 1.06300E 03 6.38075E 02 5.47600€ 02 5432434
5.30289E 02 5.,30030€ 02 5.30002E 02 5.30000€ 02 5.30000E 02 5.30000E
5.30000E 02 5.30000€ 02 5.29999€ 02 - 5.30000E 02 5.30000€ 02 5.30000E
5+30000€ 02 5.30000E 02 5.30000E 02 5.30000E 02 5.30000€ 02 5.30000€
5.30000E 02 5.30000E 02 5.30000& 02 5.29999E 02 5.30000E 02 5+.30000€

5.29999E 02
TEMPERATURE UISTRIBUTIUN IN THE BACK-UP STRUCTURE
5.29999€ 02 5.30000€ 02 5.30000E 02
TIME= ].99000E Ol QCONVECTIVE= 9.50000E 01 QRADIATIVE= 0. VELOCITY= 2.92500F 04
GAS ABLATION RATE= 2.90720F 01 CHAR ABLATION RATE= 5,40000E 00 TOTAL ABLATION RATE= 3.44720F
RECESSION DEPTH= 1.80000E-02 QHOT WALL= 8,99173E 01

TEMPERATURE DISTRIBUTION IN HEAT SHIELD AT THE ENO OF THE TIME STEP, T= 2.00000E Ol SECONDS

TEMPERATURE DISTRIBUTION IN THE ABLATING MATERIAL

3.80935¢ 03 2.87678E 03 1.64575E 03 9.77202E 02 6.T72698E 02 5.66204E
5.37857E 02 5.31496E 02 5.30254€ 02 5.30038E 02 5.30005E 02 5.33000€
5.29999E 02 5.29999E 02 5.29999E 02 5.29999E 02 5.29999E 02 5429999E
5.29999E 02 5429999E 02 5.29999E 02 5.29999E 02 5.29999E 02 5.29999E
5.29999E 02 5.29999E 02 5.29999E 02 5.29999E 02 5.29999¢ 02 5.29999E

5.29999E 02
TEMPERATURE DISTRIBUTION IN THE BACK-UP STRUCTURE
5.29999E 02 5.29999E 02 5.29999E 02
TIME= 2.99000t Ol QCONVECTIVE= 9.50000E 01 QRADIATIVE= O. VELOCITY=. 2,92500E 04

GAS ABLATION RATE= 1,25330€ 01 CHAR ABLATION RATE= 5.40000E 00 TOTAL ABLATION RATE= 1.79330E
RECESSION DEPTH= 2.70000£-02 QHOT WALL= 8.98427E 01

02
02
02
a2
02

01

a1



Percent error from (1 + Z)4 resuits

80

70

60

30

20

10

Z=ATIT;

Figure 1. - Radiation temperature approximation error.
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Original material surface

Jd X I
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\\\\ . i<NP, j=1
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1 e JAX  i=2 =1

Figure 2. - Schematic diagram of charring ablator thermal protection system.
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Figure 4. - Charring material property variation used as input to STAB 1I.
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Figure 5. - Comparison of temperature histories for nonablating steel slab
(pure conduction)
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Figure 8. - Plot program surface recession curve from typical charring
“ablator test case. -
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Bondline temperature, °R

600 ==
400
200

0O 200 400 600

Time, sec

Figure 9, - Plot program bondline temperature curve from
typical charring ablator test case.
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Figure 10, -Plot program 1060°R and 1460°R isotherm curves from
typical charring ablator test case.
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